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ABSTRACT 

The r e s u l t s  of an inves t iga t ion  of c a t a l y t i c  ign i -  

t i o n  of the oxygen/hydrogen system are  presented. 

Included in t h i s  r e p o r t  a r e  the  r e s u l t s  of pre- 

l iminary laboratory screening f o r  c a t a l y s t  surface 

charac te r iza t ion  and r e l a t i v e  a c t i v i t y  measurements 

a t  var ious  temperatures f o r  severa l  commercially 

ava i lab le  ca ta lys t s  as recommended by c a t a l y s t  

vendors, and f o r  a s ing le  research c a t a l y s t .  A l s o  

included are  ign i t ion  evaluat ions of se lec ted  cata- 

l y s t s  a t  environmental temperatures of -250 F f o r  , 

both ca t a lys t  and propel lants ,  and of evaluat ions 

with l i qu id  propel lants  and c a t a l y s t  environmental 

temperatures equivalent t o  those of l i qu id  hydrogen. 

Igni t ion l ag  measurements a re  presented f o r  reac t ion  

systems with both l iqu id  and gaseous propel lan ts .  

The a b i l i t y  of a c a t a l y t i c  system t o  promote ign i -  

t i o n  with the  l iquid oxygen/liquid hydrogen 

l a n t  combination i s  c l e a r l y  demonstrated. 
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The object ives  of t h i s  program were the  s e l e c t i o n  and evaluat ion of com- 

mercial ly  ava i lab le  ca t a lys t s  f o r  promoting the  oxygen/hydrogen reac t ion ,  

demonatration of the feasibility of c a i a i y t i c  i g n i t i o n  of l i qu id  oxygen/' 

l i qu id  hydrogen propel lants  a t  l i q u i d  hydrogen environmental temperature, 

and generation of information appropriate  t o  the preliminary design of 

c a t a l y t i c a l l y  ign i ted  oxygen/hydrogen systems. 

Physical p roper t ies  measured i n  evaluat ing the  c a t a l y s t s  were surface 

a rea ,  pore volume, average pore diameter, and pore s i z e  d i s t r i b u t i o n ,  

a s  measured i n  the  Engelhard "Isorpta"  analyzer,  r e l a t i v e  c a t a l y s t  

a c t i v i t y  a t  environmental temperatures down t o  -300 F, r e s i s t ance  t o  

t h e m 1  shock, and crush s t rength.  In addi t ion ,  c a t a l y s t  comparisons 

were made i n  1-inch-diameter hardware at environmental temperatures f o r  

both propellant and hardware of -250 F. The . r e su l t s  of these compari- 

sons showed the  Engelhard DSS, MFSS, MFSA, Houdry A-BOOSR, and Girdler  

6-68 ca ta lys t s  t o  be the  best  of t h e  ava i lab le  ca t a lys t s .  

Following se l ec t ion  of t h e  above f i v e  c a t a l y s t s ,  the  Engelhard DSS, MFSS, 
and MFSA c a t a l y s t s  were subjected t o  evaluat ions i n  3-inch-diameter 

engine hardware with l i qu id  oxygen and l i qu id  hydrogen propel lants  a t  

c a t a l y s t  environmental temperatures equal t o  t h a t  of l i qu id  hydrogen. 

Both the  Engelhard MFSS and MFSA c a t a l y s t s  proved capable of inducing 

the  l i qu id  oxygen/liquid hydrogen reac t ion .  In  the  course of these 

evaluat ions,  problems of i g n i t e r  pressure spiking were encountered. 

experimental r e s u l t s  and ana ly t ica l  i n t e rp re t a t ions  ind ica te  t h a t  these 

problems can be resolved by  maintaining the  combined propel lant  f lowrate 

above some threshold l eve l .  For  the  3-inch-diameter reac tor ,  t h i s  

The 

1 
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threshold level  of f lowrate is approximately 0 .3  lb/sec, and provides 

f o r  a propellant ve loc i ty  through the  reac tor  of  near ly  5 f t / sec  under 

typ ica l  operating conditions.  

must exceed the  r a t e  offlame propagation f o r  the spec i f i c  flow condition 

and mixture of oxygen and hydrogen concerned. 

In  any event,  the  ve loc i ty  mass throughput 

The r e s u l t s  of t h i s  research program demonstrate the  f e a s i b i l i t y  of the 

c a t a l y t i c  igni t ion concept f o r  l i qu id  oxygen/liquid hydrogen propel lants  

i n  rocket  engine systems. 

2 



Rk ROCYETDYNE A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  

I"R€)DUCTION 

The oxygen/hydrogen propellant combination f o r  use in  rocket engine sys- 

tems has received considerable a t t e n t i o n  i n  recent  years because of  cer- 

t a i n  adventages . bong these are high spec i f i c  hppulse, lew conbusfioo 

temperature, f a s t  burning r a t e ,  lack of t o x i c i t y ,  and excel lent  regener- 

a t i v e  cooling capabi l i ty .  The combination is  not without disadvantages, 

however. Its inherent lack of hy-pergolicity requires  some type of igni-  

t i o n  system. Since ign i t i on  and r e ign i t ion  capab i l i t y  under conditions 

of space environment a re  of u t m o s t  importance i n  upper-stage engine 

systems, it is  e s s e n t i a l  t ha t  t h i s  i gn i t i on  system be highly r e l i a b l e  

and capable of multiple re igni t ion .  

completed a t  Bocketdyne l i s t s  severa l  po ten t i a l  systems: 

A study contract  (Ref. 1) recent ly  

1. Hypergolic car t r idges 

2. Solid propel lant  car t r idges 

3. Hypergol addi t ives  

4. Spark i g n i t e r s  

a .  Direct  
b .  Augmented 

5 .  Cata ly t ic  i g n i t e r s  

Sol id  propellant and hypergolic car t r idges  a re  unsa t i s fac tory  f o r  missions 

requi r ing  more than one o r  two starts because of complexity. 

hypergolic addi t ives  which could be mixed with e i t h e r  the f u e l  o r  oxidizer  

in  reservoi r  storage presents an in t e re s t ing  p o s s i b i l i t y ,  bu t  t h i s  i s  

not part of the s t a t e  of the a r t  f o r  rocket engine systems. 

time, d i r ec t -  and augmented-spark ign i t i on  systems a re  not completely 

s a t i s f a c t o r y  f o r  repeated igni t ion,  and they  pose problems of e l e c t r i c a l  

The use of 

A t  t h i s  

3 
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interference to electronic measurements and communication associated 
with mission requirements. 
is the requirement for facilities for electrical power generation. 

An additional disadvantage of spark ignition 

The remaining potential ignition technique is catalytic ignition. This 
ignition concept incorporates simplicity and reliability in a single 
system, and also presents a technique which has demonstrated durability 
(gas purification, hydrogenation of oxygenated hydrocarbons, etc. ). 
Additional advantages of this concept are the lack of requirements for 
electrical ignition equipment or auxiliary power units. 

Potential areas of application for the catalytic ignition concept are 
primary ignition of large oxygen/hydrogen engine systems, hot-gas genera- 
tion for propellant expulsion or turbine drive , attitude-control, and/or 
primary space engines, and midcourse maneuvering systems. 

Primary ignition of larger upper-stage oxygen/hydrogen engines , of which 
the 5-2, M-1, and RL-10 are examples, would require installation of a 
catalyst chamber and propellant system such that the hot exhaust gases 
from the catalytic reactor are injected into the main thrust chamber in 
sufficient quantity and energy levels to induce ignition of the main 
propellants. Hot-gas generation is accomplished in a similar manner; 
the difference consists of directing the exhaust gases to a different 
end application. For attitude-control applications, the requirement is 
to deliver small and repeatable impulse bits. 
previously demonstrated (Ref. 2 and 3) capability and reliability of the 
catalytic technique for ignition and repeated reignition of hydrogen/ 
oxygen propellant combinations shows this concept to be ideally suited 
for attitude-control systems. For primary space engine systems, the 
thrust chamber would include a catalyst bed, with propellants fed to 
the chamber in conventional fashion. 

On this basis, the 

4 
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For midcourse maneuvering, the principal requirement is for large thrust- 
time products, not for large thrusts. Consequently, the relatively low- 
thrust mainstage igniter could be turned on and allowed to run f o r  an 
extended time to generate required small-force midcourse corrections. 
An obvious advantage of this approach is its superior controllability 
relative to short-duration, high-impulse, main-engine bursts. 

hch of this applications (ignition, gas generation, attitude control, 
midcourse maneuvering) is equally suited for operation on main-engine 
propellants. In fact, each application lends itself to direct use of 
boiloff gas from main fuel and oxidizer tanks, assuming that the rate 
of gas (hydrogen, oxygen) generation from these tanks is sufficient for 
specific application energy requirements. In a liquid oxygen/liquid 
hydrogen missile state at the end of  burning, significant quantities 
of both fuel and oxidizer gases are present in the ullage after tank 
emptying. 
(helium) would serve as an excellent, reasonably high pressure (>lo0 
psia) propellant source for attitude control, docking, etc. , propulsive 
requirement utilizing a catalyst energized thrust chamber. 
the catalytic ignition concept as a means of  main-engine ignition 
offers the added advantage of providing a force for settling propellants 
prior to starting the main engine. 
propellants, regardless of phase condition, through the catalyst bed. 
The resulting ignition will generate sufficient thrust to settle the 
propellants as well as provide high-enthalpy gases for main-engine 
ignition. 

These propellant gases mixed with the very light pressurant 

The use of 

This is accomplished by passing 

5 
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With these advantages in mind, this program was established to investi- 
gate the range of commercially available catalysts of the noble-metal 
type which offer promise of promoting the oxygen/hydrogen reaction, and 
to evaluate their disadvantages and limitations. Specifically, the 
objectives of this research program were: 

1. Conduct a survey of the range of commercially available noble- 
metal type catalysts (as recommended by leading catalyst vendors) 
for promoting the oxygen/hydrogen reaction, and select not 
more than four of these catalysts for further evaluation; the 
basis of selection to be the results of such laboratory tests 
as catalyst surface area, pore size, resistance to thermal 
shock, and relative activity. 

2. Perform an evaluation of selected catalysts in test hardware 
at propellant and hardware preignition environmental tempera- 
tures of -250 and -400 F, and final selection of not more than 
two of these catalysts for parametric combustion evaluations 
at environmental conditions approximating liquid hydrogen 
temperature. 

3. Carry out a parametric combustion evaluation at both hardware 
and propellant preignition environmental temperatures approxi- 
mating liquid hydrogen temperatures, to evaluate the effects 
of propellant residence time and catalyst bed preignition 
environmental temperature on ignition delay time. 

Prepare the results of this program in a form suitable for 
execution of preliminary design for specific applications. 

4. 

Because of the wide range of noble metal and nickel catalysts available 
from the various vendors, it was necessary to place heavy reliance on 
the experience and recommendations of the catalyst manufacturers in 
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selecting candidates for this study. 

tacts were made with representatives of the following companies: 

Personal and/or telephone con- 

1. Ehgelhard Industries, Inc. 
2. Houdry Process Corporation 
3. Catalysts and Chemicals, Inc. 
4. Catalytic Combustion Co. 
5. Girdler Chemical Co. 
6. Universal Oil Products 
7. Davison Chemical Co. 
8. Shell Oil Co. 

The companies contacted recommended various catalysts as having poten- 

tial for promoting the oxygen/hydrogen reaction, and of these, 22 
catalysts were obtained for evaluation in this program. 

In addition to presenting the results of this program, this report 
includes a generalized discussion of catalyst theory, presented to aid 

understanding of the catalytic reaction concept and to clarify the 
reasons for choosing certain catalysts for oqygen/hydrogen ignition. 
Included as appendixes are summary translations from the Russian litera- 
ture of certain hitherto untranslated papers pertinent to the subject. 

7 
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MPERIMENTAL PROGRAM PLAN 

The experimental program-was conducted with high-purity propel lan ts ,  and 

centered around 22 b a s i c  ca t a lys t  formulations.  

were chcsen on the  b a s i s  of w d o r  recamendat ions an& of past experience 

with noble-metal type ca t a lys t s .  I n  most  instances ,  the  c a t a l y s t s  d i f -  

fe red  i n  type of subs t r a t e ,  noble-metal content,  and manner of prepara- 

t i o n .  It was not the  purpose of t h i s  program t o  prepare c a t a l y s t s ,  and 

no such e f f o r t  was conducted. 

considered propr ie ta ry  by  the vendors and i s  not described herein.  

The se lec ted  c a t a l y s t s  

The manner of c a t a l y s t  preparat ion i s  

CATALYSTS 

With two exceptions,  the  ca t a lys t s  used i n  t h i s  program were of t he  noble- 

metal type. 
Products and Houdry Process Corporation, and were designated C - I V  (nickel-  

on-"mineral support t f )  and A-25Z (chromia- alumina) , respec t ive ly .  A 

list of the  c a t a l y s t s  used in  t h i s  program is  shown i n  Table 1 and 

described i n  the  .following paragraphs. 

The exceptions were c a t a l y s t s  recommended by Universal  O i l  

Engelhard Indus t r i e s ,  Inc.  Catalysts  

Engelhard provided four  d i f f e ren t  c a t a l y s t s  f o r  evaluat ion i n  t h i s  pro- 

gram. 

alumina subs t ra te .  

These were a l l  noble metals impregnated on a sphe r i ca l ly  shaped 

Preceding page blank 
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DS Catalyst, 

alumina p e l l e t ,  nominally 1/8-inch i n  diameter,  impregnated with palladium 

equal t o  about 0.5 weight percent .  The ana lys i s  of t h i s  c a t a l y s t ,  a s  per- 

formed by emission spectrographic techniques,  i s  presented i n  Table 2.  

Physical cha rac t e r i s t i c s  of t he  DS 1/8 formulation a r e  shown i n  Table 3. 
Surface a rea ,  pore volume, and average pore diameter were obtained by 

use of an Engelhard "Isorpta"  analyzer .  

and operation of t h i s  device,  r e f e r  t o  the  vendor's i n s t ruc t ion  manual 

The DS c a t a l y s t  cons i s t s  e s s e n t i a l l y  of a high surface-area 

For a descr ip t ion  of the  theory 

( R e f .  4). 

DSS Catalyst. 

s u b s t i t u t e  f o r  the  DS formulation because the  DSS p e l l e t  has b e t t e r  

r e s i s t ance  t o  thermal shock without an appreciable decrease i n  c a t a l y t i c  

a c t i v i t y .  Like the  DS, t he  DSS c a t a l y s t  cons is t s  of a palladium- 

impregnated alumina p e l l e t ,  and is  nominally a 1/8-inch-diameter sphere. 

Proper t ies  of  the  DSS c a t a l y s t  a r e  shown i n  Tables 2 and 3. 

This c a t a l y s t  w a s  recommended by the vendor as a possible 

MFSS Catalyst. The MFSS c a t a l y s t ,  while similar i n  physical  appearance 

t o  t h e  previous samples, has a somewhat d i f f e r e n t  formulation. 

was found by chemical ana lys i s  t o  be a platinum-rhodium-on-alumina 

mater ia l  ra ther  than a palladium-on-alumina-type c a t a l y s t .  

here i s  t h a t ,  according t o  the  vendor , . the purpose of the  platinum is  t o  
enable impregnation of t he  alumina subs t ra te  with rhodium, because the  

rhodium otherwise tends t o  slough off r a t h e r  than adhere t o  the alumina. 

P r i o r  impregnation of subs t r a t e  with platinum serves t o  provide a base 

on which the rhodium w i l l  adhere. Proper t ies  of the  MESS ca ta lys t  a r e  

shown i n  Tables 2 and 3. 

The MFSS 

Of i n t e r e s t  

10 
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ME'S Catalyst. The MFSA ca ta lys t  is  a l a t e r  vers ion of the  ME'SS config- 

ura t ion ,  and is  very s imi la r  i n  physical  appearance and type of subs t r a t e  

t o  the  other th ree  Engelhard ca t a lys t s .  The primary d i f fe rences  a r e  the  

surface cha rac t e r i s t i c s  and chemical composition, shown i n  Tables 2 and 

3. 

The manner of preparat ion maybe s i g n i f i c a n t l y  d i f f e r e n t ,  a s  indicated by 

the  r e l a t i v e l y  la rge  surface a rea ,  pore volume, and average pore diameter 
bu t  t h i s  information is  proprietary with the vendor. 

The MFSA c a t a l y s t  has e s s e n t i a l l y  the  same t o t a l  noble-metal content a s  

the  MFSS, but  includes lead as a t h i r d  cons t i tuent .  

of lead is  not  known, nor is the  spec i f i c  reason f o r  its addi t ion.  

The s p e c i f i c  e f f e c t  

Girdler  Chemical Company Catalysts 

Girdler  provided f i v e  ca ta lys t s  f o r  t h i s  program; a l l  were the platinum 

o r  palladium type on an alumina subs t ra te .  

nominally 1/8-inch-thick t a b l e t s  varying i n  diameter from 1/8- t o  1/4-inch. 

The samples provided were 

G-43 Catalyst. 

f i gu ra t ion  made up i n t o  a 1/4-inch-diameter by 1/8-inch-thick t a b l e t .  

This ca t a lys t  i s  t y p i c a l  of those used f o r  conversion of hydrocarbons. 

The G-43B ca ta lys t  is a simple platinum-on-alumina con- 

6-46 Catalyst. 

impregnated on alumina and pressed i n t o  3/16-inch-diameter by 1/8-inch- 

t h i c k  t a b l e t s .  

The 6-46 ca ta lys t  is b a s i c a l l y  a palladium composition 

11 
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G-55 Catalyst .  

ing the physical dimensions of a 1/8-inch-diameter by 1/8-inch-thick 

cyl inder .  

t h i s  ca t a lys t ,  a s  the two previous Girdler  c a t a l y s t s ,  has an alumina 

subs t ra te .  

The G-55 ca t a lys t  i s  a promoted palladium ca ta lys t  hav- 

The spec i f i c  nature of the promoting agent is unknown, bu t  

6-58 Catalyst .  

c a t a l y s t ,  and i s  s imi l a r ly  a palladium-on-alumina formulation. The spe- 

c i f i c  difference between the  two i s  unknown, but  is  presumed t o  be the  

manner of preparation and chemical composition. 

This ca t a lys t  i s  iden t i ca l  i n  appearance with the  6-46 

6-68 Catalyst .  

t i c a l  i n  appearance t o  the  6-55 ca t a lys t .  Presumably, the  only d i f f e r -  

ence is  the  nature of the promoting agent.  As with the G-55 c a t a l y s t ,  

the 6-68 formulation is impregnated on an alumina c a r r i e r .  

The 6-68 ca t a lys t  is  a promoted palladium ca ta lys t  iden- 

Universal O i l  Products Catalyst 

Universal O i l  Products supplied only one c a t a l y s t  f o r  evaluat ion i n  t h i s  

program. 

s i s t e d  of nickel impregnated on a mineral support .  

provided, was i n  t he  form of 1/8-inch-diameter by  1/8-inch-long t a b l e t s .  

The p a r t i c u l a r  sample provided was  designated C- IV and con- 

The c a t a l y s t ,  as 

. -  

Cata ly t ic  Combustion Company Catalyst  

Cata ly t ic  Combustion Company, a d iv is ion  of Universal  O i l  Products, pro- 

vided a unique sample. 

l-inch iz d l a ~ e t e r  by l-inch long, cons is t ing  of a continuous ribbon 

This consis ted of a ribbon matt-plug approximately 

12 
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(similar t o  s t e e l  wool )  of nickel-alloy coated with platinum. The ribbon 

was  no more than 1 t o  2 m i l s  t h i c k  by 6 t o  8 m i l s  wide, and was "bunched" 

i n t o  a screen container of the dimensions indicated.  

Hoiidrp Process Corporation Catalysts 

Houdry recommended f i v e  ca t a lys t  samples having p o t e n t i a l  f o r  promoting 

the  0 H2 react ion.  With one exception, a l l  t he  c a t a l y s t s  were impreg- 

nated 

a diatomacious e a r t h .  

d 
on alumina; t he  exception being a palladium c a t a l y s t  on kaol in ,  

A-100s Catalyst .  

and phys ica l ly  appears a s  a 1/8-inch-diameter by  random length (- 3/8-inch 

maximum) extruded cyl inder .  

a r ea  and is t y p i c a l  of ca t a lys t s  used i n  moderate hydrogenation serv ice  

i n  the  petroleum industry.  

This ca t a lys t  is a platinum-on-alumina formulation 

This sample is of r e l a t i v e l y  low surface 

A-POOSR Cata lys t .  The A-200SR formulation is  similar t o  t he  A-IOOS 

c a t a l y s t  i n  a l l  respec ts  except two.  

face a rea  (nominally 200 square meters per gram) and is  prepared t o  be 

r e s i s t a n t  t o  c a t a l y s t  poisoning b y  s u l f u r .  

3/16-inch diameter by random length,  n o t  exceeding 3/8-inch. 

This c a t a l y s t  has a moderate sur- 

The physical dimensions a r e  

A-252 Catalyst .  The A-25Z ca ta lys t  represents  the second departure from 

noble-metal formulations evaluated i n  t h i s  program. This c a t a l y s t  sample 

consisted of chromia ( C r  0 ) impregnated on alumina, and was prepared i n  2 3  
the  form of a 1/8-inch-diameter ex t ruda te  not g r e a t e r  than  3/8-inch long. 
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B-100s Catalyst .  

palladiumwas used as the  c a t a l y t i c  agent i n  place of platinum. 

T h i s  mater ia l  was i den t i ca l  t o  the  A-100s except t h a t  

Pd-K Catalyst. 

This ca ta lys t  cons is t s  of palladium impregnated on 0.15-inch spheres of 

kaolin.  

The Pd-K c a t a l y s t  was Houdryls f i n a l  recommendation. 

Davison Chemical Company Catalysts  

Four samples were provided by Davison f o r  evaluat ion i n  t h i s  program. 

SMR 55-1097-1 Cata lys t .  

( s i l i c a  ge l )  having an extremely high surface a rea  and nominally 6 weight 

percent platinum. 

This c a t a l y s t  consis ted of a granular mater ia l  

SMR 55-1097-2 Catalyst .  

diameter by 1/8-inch-long tab le ted  alumina subs t ra te  impregnated w i t h  

nominally 0.6 weight percent platinum. 

have very high surface a rea .  

The second Davison c a t a l y s t  was a 1/8-inch- 

This mater ia l  was a l s o  s t a t e d  t o  

SMR 55-1097-3 Cata lys t .  Davisonls t h i r d  s e l e c t i o n  was i d e n t i c a l  t o  the  

SMR.55-1097-2 c a t a l y s t  i n  a l l  respec ts ,  except method of subs t r a t e  prep- 

a ra t ion .  The r e l a t i v e  techniques f o r  preparat ion a r e  propr ie ta ry ,  and 

consequently a r e  not presented herein.  

14 
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,-- 

SMR 55-1097-4 Catalyst .  

i d e n t i c a l  t o  the  Engelhard samples, but  d i f f e r e d  i n  type of subs t r a t e  

and manner of preparation. 

c a t a l y s t  consisted of platinum impregnated on s i l i c a  g e l  and contained 

approximately 0.6 weight percent platinum. 

The f i n a l  Davison c a t a l y s t  appeared t o  be 

As with the  SMR 55-1097-1 c a t a l y s t ,  t h i s  

She l l  8240-168 Catalyst  

This c a t a l y s t  was supplied by Shel l  Development Company, and represents  

a formulation developed i n  t h e i r  s tud ie s .on  hydrazine decomposition 

c a t a l y s t s .  

w i t h  moderate surface a rea ,  b u t  high i n  noble-metal content.  

The formulation is b a s i c a l l y  a noble metal-on-alumina rnateeial 

In t h i s  program, both gaseous and l i q u i d  propel lants  were used. 

gaseous propel lants  used i n  t h i s  s tudy were typ ica l  of commercial b o t t l e  

gases with a s ing le  exception; each gas was passed through a "molecular 

sieve" d r i e r  (calcium-aluminum-silicate) f o r  removal of moisture p r i o r  

t o  use. Liquid propel lants  corresponded t o  m i l i t a r y  spec i f i ca t ions  

f o r  l i qu id  hydrogen and l iqu id  oxygen, respec t ive ly .  

The 

Gaseous Hydrogen 

The hydrogen was obtained a s  an adient- temperature  gas from high-pressure 

s torage b o t t l e s  located in the Propulsion Research Area. These gases 

contained oxygen, ni t rogen,  and water i n  the  parts-per-mill ion range as 

impuri t ies .  

l5-ppm water,  w i t h  an over-all impurity leve l  of l e s s  than 60 ppm. 

As supplied t o  the r eac to r ,  the hydrogen contained l e s s  than 
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Gaseous OxyRen 

The oxygen was obtained from 2.13-cu f t  K b o t t l e s .  The p a r t i c u l a r  gas 

used ( typ ica l )  was found b y  ana lys i s  t o  contain appreciable  q u a n t i t i e s  

of carbon dioxide (- 2500 ppm) and water (a 200 ppm), both of which a r e  

known t o  deact ivate  noble-metal c a t a l y s t s .  Therefore, the  oxygen, as 

i n  the  case of the  hydrogen, was passed through a molecular s ieve  d r i e r  

f o r  removal of these impuri t ies .  

molecular sieve d r i e r  i s  indicated by the  f a c t  t h a t  the carbon dioxide 

content of the gas leaving the d r i e r  was l e s s  than 50 ppm, while the  

water content was l e s s  than 0 . 5  ppm. 

The high removal e f f i c i ency  of the  

Liquid Hydrogen 

Liquid hydrogen was obtained as a sa tura ted  l i qu id  from primary l i qu id  

hydrogen storage a t  the  Santa Susana F ie ld  Laboratory, and complied with 

appropriate m i l i t a r y  spec i f ica t ions  f o r  propel lant  pu r i ty .  

Liquid Oxygen 

The l i qu id  oxygen was supplied from GFP storage as a sa tura ted  l i q u i d ,  

and complied with the  appropriate  m i l i t a r y  spec i f i ca t ions  f o r  propel lant  

p u r i t y  . 

APPARATUS 

Two react ion systems were used i n  t h i s  program: 

reac tor  f o r  the phase conducted with gaseous propel lan ts ,  and a 3-inch- 
diameter reactor  f o r  the phase conducted with l i qu id  propel lants .  Both 

a 1-inch-diameter 
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systems a r e  described i n  the  following paragraphs. 

r eac to r  represented an avai lable  system appropriate  f o r  use i n  the screen- 

ing operat ion;  however, t h i s  r eac to r  was considered t o  be only margina'lly 

s ca l ab le .  

diameter/pellet  diameter of 8 is  necessary f o r  c a t a l y t i c  reac t ion  systems. 

To ensure s c a l a b i l i t y ,  a 3-inch-diameter r eac to r  was used with l i qu id  

propel lants .  

The 1-inch-diameter 

S c a l a b i l i t y  considerations d i c t a t e  t h a t  a minimum reac to r  

One-Inch-Diameter Hardware 

Reactor. 

e s s e n t i a l l y  of a 1-inch-diameter (ID) s t a i n l e s s  s t e e l  tube jacketed t o  

provide f o r  p rech i l l i ng  both the r eac to r  and catalyst  w i t h  l i qu id  n i t r o -  

gen p r io r  t o  use.  

f l e x i b i l i t y  i n  the  loca t ion  and length of the c a t a l y s t  bed. The down- 

stream end of t he  reac tor  was threaded t o  provide f o r  i n se r t ion  of an 

exhaust nozzle,  and t o  provide f l e x i b i l i t y  i n  the se l ec t ion  of an appro- 

p r i a t e  t h r o a t  diameter. 

the disassembled reac t ion  assembly is presented i n  Fig.  1 and 2, 

respec t ive ly .  

The r eac to r  used i n  the  gaseous phase of the program consis ted 

The reactor  i n t e r n a l  geometry was adapted t o  provide 

A schematic of the r eac to r  and a photograph of 

Catalyst  p e l l e t s  a r e  randomly packed i n  a 4-inch-long s leeve ,  and held 

i n  place by perforated end plates  o r  screens.  

l e t  r e t a i n e r s  were used i n  t h i s  study: 

s t e e l  screens,  and 31-percent open-area perforated p l a t e s .  

t e s t s  were conducted w i t h  the  screen upstream and perforated p l a t e  dawn- 

stream of the  c a t a l y s t  bed. 

Two types of c a t a l y s t  pel-  

70-percent open-area s t a i n l e s s  

Most of the 
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The downstream end of the combustor w a s  threaded as indicated i n  F ig .  1 

t o  accommodate a s t a i n l e s s  s t e e l  i n s e r t .  The i n s e r t  was d r i l l e d  and 

machined t o  a convergent contour and served as the  e x i t  nozzle.  Various 

i n s e r t s  w i t h  d i f f e r e n t  t h r o a t  diameters were used t o  control  the  combus- 

t i o n  pressure and v e l o c i t y  d i s t r i b u t i o n  through the  combustor. A 0.221- 

inch-diameter nozzle was used almost exclusively throughout t h i s  program, 

however, primarily because t h i s  seemed t o  give good combustion 

c h a r a c t e r i s t i c s ,  

I n j e c t o r .  A bas ic  4-on-1 impinging-stream i n j e c t o r  w a s  used exclusively 

i n  t h i s  program. 

and s ince injector  optimization w a s  not an object ive of t h i s  study, no 

f u r t h e r  consideration was given t o  the in j ec t ion  system. The in jec tor  

w a s  made of s t a i n l e s s  s t e e l  and consisted of f i v e  elements of four  hydro- 

gen j e t s  impinging on a c e n t r a l  oxygen stream a t  an impingement angle of 

30 degrees. 

The bas i c  design ca l led  f o r  a balanced momentum impingement a t  a mixture 

r a t i o  of 1 . 0 ,  b u t  the  i n j e c t o r  has been found t o  operate s a t i s f a c t o r i l y  

over a range of r a t io s  from approximately 0.6 t o  1.6. 
ing-stream in j ec to r  i s  a s  shown i n  F ig .  3 .  

The i n j e c t o r  had been proven i n  a previous program, 

Impingement d is tance  from the in j ec to r  face  was 1/4 inch. 

The 4-on-1 imping- 

Three-Inch-Diameter Hardware 

Reactor.  

concerned with l iqu id  propel lants  was constructed of s t a i n l e s s  s t e e l ,  and 

designed a s  shown i n  Fig.  4 through 10 .  

on each end and jacketed t o  enable precooling of the  hardware and c a t a l y s t ,  

comprised the main body of t he  reac tor .  

The 3-inch-diameter r eac to r  used i n  the  phase of t h i s  program 

A 3-1/8-inch-ID cyl inder ,  flanged 

A 4-inch-long s leeve ,  closed on 
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one end by a 31-percent, open-area d r i l l e d  p l a t e  and a 70-percent, open- 

a rea  screen on the  other end, served as a c a t a l y s t  chamber. This cyl inder  

was randomly packed with ca t a lys t  and inser ted  appropr ia te ly  i n  the  main 

r eac to r  body p r i o r  t o  f i r i n g .  

A nozzle assembly, designed and fabr ica ted  as shown i n  Fig.  10 was bol ted  

t o  the  main reac tor  body and served j o i n t l y  as a part of the  t h r u s t  cham- 

b e r  and as a nozzle adapter .  The downstream end of t h i s  assembly was 

threaded as indicated t o  accept v a r i o u s  nozzles.  

toured and d r i l l e d  t o  various s i z e s  t o  enable v a r i a t i o n  i n  chamber pres- 

sure  independent of f lowrate .  

These nozzles were con- 

In j ec to r .  The i n j e c t o r  used with the 3-inch-diameter reac tor  was basic-  

a l l y  the same as t h a t  used with the 1-inch reac tor .  The primary d i f f e r -  

ence, other  than physical s ize ,  was the  f a c t  t h a t  t h e  3-inch-diameter 

i n j e c t o r  was comprised of seven elements. 

ment d i s tance  from the in j ec to r  face  were the same as with the smaller 

i n j e c t o r  previously described. 

Impingement angle and impinge- 

A schematic of the assembled r eac to r  and i n j e c t o r  is shown i n  Fig.  4 .  

Crush Strength Test Device 

The apparatus used i n  evaluating crush s t r eng th  of t he  varioue c a t a l y s t s  

was similar t o  devices ueed in  the c a t a l y e t  indus t ry  and consisted of a 

hydraulic jack of t he  dead-weight tester type arranged t o  exe r t  preasure 

on a c a t a l y s t  p e l l e t  placed between the  t e s t e r  p l a t e  and a r i g i d  p l a t e .  

Force meaeuremente t o  the  nearest  0 .1  pound were made by a ca l ib ra t ed  

pressure gage and a known-diameter t ee t e r -p l a t e  p i s ton .  
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Preliminary Cata lys t  Evaluation Apparatus 

The apparatus used i n  the  preliminary c a t a l y s t  screening operation was 

a s  shown schematically i n  Fig.  11. This apparatus cons is t s  e s s e n t i a l l y  

of a f low-metering (and proportioning) system f o r  providing r eac t an t  

gases t o  the c a t a l y s t  bed i n  control led fashion,  a c a t a l y s t  bed f o r  

e f f ec t ing  react ion,  and a water absorbent ma te r i a l  f o r  s e l e c t i v e l y  remov- 

ing the  react ion product (water) from the  e f f l u e n t  gas stream. Proviaion 
i s  a l s o  made f o r  environmental cooling ( t o  -300 F) of the  c a t a l y s t  and 

r eac t an t s  pr ior  t o  use. 

ffU-tube'f f i t t e d  with a thermocouple f o r  measuring environmental a s  w e l l  

a s  r eac t ion  temperature. The adsorbent ma te r i a l  ( ind ica tor  "Drier i te")  

i s  s imi l a r ly  mounted i n  a detachable U-tube t o  f a c i l i t a t e  weighing before  

and a f t e r  the run. A back-pressure regula tor  i s  provided f o r  maintaining 

constant  pressure i n  the  reac t ion  chamber. 

The c a t a l y s t  bed i s  mounted i n  a detachable 

Test Fa c il i ty  

imply Gaseous Oxygen System. The oxygen system cons i s t s  f th ree  

manifolded K bot t les  which supply gaseous oxygen t o  the  r eac to r  through 

an appropriately instrumented flow loop. 

f i r s t  through a metering o r i f i c e  f o r  f lowrate  measurement, then through 

a sonic  o r i f i ce ,  and then t o  the  in j ec to r .  The sonic  o r i f i c e  serves t o  

i s o l a t e  the GOX supply system from pressure per turbat ions when ign i t ion  

occurs and reac t ion  chamber pressure increases ,  thus  maintaining a con- 

s t a n t  GOX flowrate.  Typical Marotta valves a r e  used t o  i n i t i a t e  flow. 

The system i s  provided with s u f f i c i e n t  valving t o  allow f o r  i n i t i a t i o n  

of oxygen f l o w  through a vent system p r i o r  t o  the  ac tua l  i gn i t i on  t e s t .  
A s  t h e  tes t  is i n i t i a t e d ,  the  oxygen stream is d iver ted  i n t o  the 

r eac to r ,  and the  system does not  s u f f e r  t he  time lags  associated with 

The gaseous oxygen flows 
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l i n e  f i l l i n g ,  nor is themetering o r i f i c e  system over-ranged a t  the  

beginning of a run. 

The oxygen was provided a s  an ambient-temperature gas. 

Figure 12 is a schematic of t he  oxygen supply system, 

Gaseous Hydrogen System. 

a l l y  i n  F ig .  13. 
storage b o t t l e s .  

with one exception: hydrogen is p rech i l l ed  t o  some appropriate  tempera- 

t u re  before en ter ing  the  reactor .  The c h i l l i n g  i s  done by means of heat  

exchange with l i qu id  nitrogen i n  a double-wall heat  exchanger. Hydrogen 

flows from the double-orif ice arrangement through the  inner  tube of the  

heat exchanger. 

w a l l  dewar pressurized as necessary with gaseous n i t rogen  t o  de l ive r  the 

desired f lowrate. The chi l led hydrogen flows overboard t o  the  atmosphere 

during the t r ans i en t  phase. When the  e x i t  temperature of the  hydrogen 

reaches a steady-state m l u e ,  f l a w  i s  d iver ted  t o  the r eac to r ,  and the  

t e s t  i s  i n i t i a t e d .  

The hydrogen supply system is shown schematic- 

Hydrogen i s  supplied t o  the  t e s t  stand from high-pressure 

The flow loop is  the  same a s  t h a t  described f o r  oxygen, 

Liquid nitrogen flows through the  annulus from a double- 

Liquid Oxygen System. The l iquid oxygen system cons is t s  of a l i qu id  

nitrogen-jacketed dewar which provides l i qu id  oxygen t o  the reac tor  

through a system of valves ,  flowmeters, and pressure and temperature 

measuring instruments as s h m  i n  F i g ,  14 .  Gaseous boi lof f  i s  dumped 

overboard through a vent valve during t h e  hardware chilldown cycle.  

the  hardware is  a t  e s sen t i a l ly  l i q u i d  oxygen temperature, the l i qu id  

oxygen main valve is act ivated and the  l i qu id  flaws through the  i n j e c t o r  

t o  the  ca t a lys t  bed. 

f lowrate measurements, a r e  made a s  appropriate .  

Once 

Temperature and pressure measurements, a s  wel l  as 
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Liquid Hydrogen System. 

a l l y  i n  Fig.  15. 
containing l iqu id  hydrogen i n  the  inner sphere. 

is evacuated t o  reduce heat  leaks  t o  the inner  ves se l ,  and the outer ves- 

s e l  i s  f i l l e d  with l i qu id  ni t rogen.  

with 9 inches of insu la t ion  t o  reduce l i qu id  ni t rogen b o i l o f f .  The 

l i q u i d  hydrogen dewar i s  provided with a nominally 25-foot-high vent 

s t a c k  t o  d iss ipa te  gaseous hydrogen b o i l o f f ;  it is  equipped with approp- 

r i a t e  safe ty  d i sks ,  check valves ,  and pressure-rel ief  yalves as indicated.  

The l i qu id  hydrogen system is a s  shown schematic- 

The hydrogen dewar cons is t s  of a t r ip le -wal l  vesse l  

The surrounding annulus 

The outer  s h e l l  i s  f u r t h e r  covered 

The l i q u i d  hydrogen flow loop i s  e n t i r e l y  vacuum jacketed,with the excep- 

t i o n  of flowmeters and valves ,  t o  reduce b o i l i n g  i n  the t r a n s f e r  l i n e s  

and thereby permit accurate  f lowrate  measurements and de l ive ry  of l i qu id  

hydrogen t o  the  i n j e c t o r .  Liquid hydrogen temperatures a r e  measured with 

a gold-cobalt thermocouple using l i qu id  n i t rogen  as a cold junct ion.  

Instrumentation 

The instrumentation systems used i n  t h i s  s tudy  were t y p i c a l  of those 

used throughout the indus t ry  with one exception; t h a t  of the l i qu id  

hydrogen temperature measurement system. This system was a s  described 

i n  a following paragraph. No performance measurements were made s ince 

performance documentation was not an object ive of t he  program. 

Pressure Measurements. Pressure measurements were obtained by use of the 

usual  Taber, Statham, and Wianko-type pickups. Where appropr ia te ,  the  

pickups were close coupled t o  reduce pneumatic l a g  i n  the  transmission 

of the  pressure impulse. 
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Temperature Measurement. Temperature measurements, except f o r  l i q u i d  

hydrogen temperature, were made through the use of bare-wire thermo- 

couples,  e i t h e r  iron-constantan o r  chromel-alumel, as necessary.  The 

iron-constantan thermocouple was used f o r  a l l  temperature measurements 

except the  combustion chamber temperature. The l a t t e r  temperature of t en  

exceeds the  operating range of iron-constantan and f o r  t h a t  reason, 

chromel-alumel was used. 

Liquid hydrogen temperatures were measured by use of a gold-cobalt 

thermocouple arrangement. In t h i s  system, a s ing le  wire cons is t ing  of 

a gold-cobalt a l loy was joined t o  a hard-drawn copper wire t o  form a 

thermocouple junct ion.  This thermocouple was inser ted  i n  the  l i qu id  

hydrogen. 

and the  d i f f e r e n t i a l  mi l l i vo l t  output was used t o  evaluate  l i q u i d  hydro- 

gen temperature. 

thermocouple permitted more accurate temperature measurements than would 

otherwise be ava i lab le .  

A similar thermocouple was inser ted  in  a l i qu id  n i t rogen  ba th ,  

Use of t h i s  l i q u i d  ni t rogen cold-junction compensated 

A l l  propel lant  temperatures, the temperature of t he  l i qu id  ni t rogen sup- 

p l i ed  t o  the  gaseous hydrogen hea t  exchanger, c a t a l y s t  bed temperatures,  

and the  chamber temperature were recorded. The c a t a l y s t  bed thermocouples 

were inser ted  t o  the center l ine of the  bed. The combustion chamber tem- 

perature  was recorded both on a dynalog and on the  osci l lograph.  

the osci l lographic  record,  a 36-gauge bare-wire chromel-alumel thermo- 

couple was used because of the super ior  response of fine-wire thermocouples. 

For a l l  other  measurements, 20-gauge thermocouples were used. 

gauge thermocouple i s  said t o  respond i n  5 percent of t he  time required 

f o r  the  20-gauge thermocouple (Fig.  16). The temperatures presented i n  

t h i s  repor t  a r e  as read and are  subjec t  t o  the normal correct ions f o r  

thermocouple lag.  

For 

The 36- 
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F l w r a t e  Measurements. Flowrates of both propel lan t  gases were measured 

by a dual  technique. A ca l ibra ted  metering o r i f i c e  immediately down- 

stream of the propel lant  r e se rvo i r  indicated a d i f f e r e n t i a l  pressure 

which was converted i n t o  a flow measurement. Concurrently, a sonic  or i -  

f i c e  downstream of the  metering o r i f i c e  served t o  enable ca l cu la t ion  of 

t he  flowrate by the  nozzle equation f o r  sonic  flow. 

and expansion f a c t o r s  were obtained from t he  l i t e r a t u r e  (Ref .  5 and 6) .  
Each system presented a r e l i a b l e  check on the  o ther .  The two  systems 

agreed within the  range of l imi t a t ions  appropriate  t o  the techniques.  

Or i f ice  coe f f i c i en t  

Liquid propellant f lowrate  measurements were made b y  means of Fisher-  

Por te r  turbine flowmeters. Volumetric flows were corrected f o r  tempera- 

t u r e  and pressure as appropriate .  
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EXPERIMENTAL PROCEDURES 

CATALYST SEIECTION 

The c a t a l y s t  s e l ec t i im  phase of  t h i s  program was divided into  t w o  major 

a reas :  Chemical a c t i v i t y  measurement, as indicated by  degree of conver- 

s ion  of oxygen and hydrogen t o  water ;  and physical charac te r iza t ion ,  a s  

determined by various physidal t e s t s .  

Chemical A c t i v i t y  

For the  purpose of t h i s  study, a dynamic, o r  flow method of ana lys i s  

was se lec ted  as the means of measuring c a t a l y t i c  a c t i v i t y .  

is Shawn schematical ly  i n  Fig. 11. The s p e c i f i c  method of analysis con- 

s i s t e d  of passing a mixture of oxygen and hydrogen a t  a pre-established 

mixture r a t i o  and f lowrate  through a r eac to r  containing a constant weight 

of ca t a lys t  (5 grams) and f i t t e d  with a thermocouple t o  ind ica te  the  

presence of react ion.  The reacted mixture then passes through a water 

absorber ( ind ica tor  D r i e r i t e )  f o r  removal of water of reac t ion .  

gases were then vented. 

ing the  run r e f l e c t s  the  amount of water formed by reac t ion .  

bulbs a r e  provided both upstream and downstream of the  reac tor  f o r  samp- 

l i n g  both i n l e t  and e x i t  gases. 

spectrographical ly ,  provide control  checks on the absorber weight-gain 

method of a c t i v i t y  measurement. 

mixture r a t i o ,  f lowrate ,  reactor  backpressure (and hence residence t ime) ,  

and run durat ion.  Therefore, a l l  runs a r e  d i r e c t l y  comparable. Since 

the purpose of these analyses is t o  compare c a t a l y s t s  r a the r  than t o  
gain absolute  performance data,  t h i s  method of ana lys i s  is  considered 

appropriate .  

The apparatus 

The d r y  

The change i n  weight of t he  water absorber dur- 

Sample 

Sample gas analyses ,  conducted mass 

A l l  t e s t s  a r e  conducted a t  constant gas 
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Provis ion was made f o r  submerging the  r eac to r  i n  a constant-temperature 

ba th  t o  ensure comparabili ty from c a t a l y s t  t o  c a t a l y s t  of t he  r e s u l t s  of 

the  l o w  environmental temperature reac t ions .  I n  instances where water 

was seen t o  f reeze on t h e  c a t a l y s t  p e l l e t s  o r  r eac to r  wa l l s ,  the  reac tor  

was a l s o  weighed and the  ga in  i n  weight during t h e  run added t o  the  gain 

i n  weight of the  absorber t o  e s t a b l i s h  the amount of water formed. 

Phys i c a  1 Characterization 

The physical cha rac t e r i za t ion  of the  c a t a l y s t s  was genera l ly  l imited t o  

an  elemental ana lys i s  (spectrographic) ,  the  evaluat ion of t he  e f f e c t s  of 

thermal shock on c a t a l y s t  s t r u c t u r a l  p roper t ies ,  and analyses  of surface 

a r e a ,  pore volume, and pore s i z e  d i s t r ibu t ion .  

Elemental Analysis. The elemental analyses of the  var ious c a t a l y s t s  

were made by Pac i f i c  Spectrochemical Iabora tor ies  by  conventional emission 

spectroscopy techniques. 

Thermal Shock Treatment. 

ment) were conducted by means of a modified Engelhard procedure. 

c a t a l y s t  pe l l e t s  were cooled i n  l i qu id  ni t rogen t o  thermal equilibrium, 

placed i n  a muffle furnace operat ing a.t 1000 C (1832 F) f o r  10 minutes, 

and then plunged i n t o  l i q u i d  ni t rogen.  Damage t o  the  c a t a l y s t  was 

observed v isua l ly  and by  means of succeeding a c t i v i t y  measurement. 

The thermal shock t e s t s  (modified sauna t r e a t -  

The 

Surface Charac te r i s t ics .  The charac te r iza t ion  of sur faces  f o r  the vari- 

ous ca ta lys t s  was done by use of an Engelhard I so rp ta  Analyzer. 

t h i s  instrument, ni t rogen adsorption isotherms may be obtained from which 

With 
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the  surface a rea ,  pore volume, average pore diameter, and pore s i z e  d is -  

t r i b u t i o n  can be computed. The ana ly t i ca l  technique is  somewhat lengthy 

and, f o r  a comprehensive explanation of the procedure, r e f e r  t o  the manu- 

f a c t u r e r ' s  i n s t ruc t ion  manual (Ref. 4 ) .  From a preliminary ana lys i s ,  

however, it is seen t h a t  the  measurement of surface c h a r a c t e r i s t i c s  i s  

a funct ion of the  amount of nitrogen adsorbed by a c a t a l y s t  under con- 

d i t i o n s  of given temperature and ni t rogen p a r t i a l  pressure.  

technique of appl ica t ion  and manner of ca lcu la t ion  a r e  based on c l a s s i c a l  

BET (Brunauer, Emmett, Te l l e r )  theory (Ref. 

Both the  

7 ) .  

For the  purposes of t h i s  report ,  surface a rea  i s  defined a s  the  t o t a l  

surface a rea  of the  ca t a lys t  per gram of c a t a l y s t ,  without regard t o  the  

r e l a t i v e  amount of c a t a l y t i c a l l y  ac t ive  surface.  The ac t ive  surface a rea  

of a c a t a l y s t  is v i r t u a l l y  impossible t o  measure; however, ac t ive  surface 

area is known t o  be proportional t o  t o t a l  surface a rea ,  and i s  commonly 

used as a measure of r e l a t i v e  a c t i v i t y  f o r  comparable ca t a lys t s .  It is 
i n t u i t i v e  t h a t  the  g rea t e r  the c a t a l y s t  surface a rea ,  the  higher the  

r a t e  of c o l l i s i o n  between reactant and c a t a l y s t ;  hence, large surface 

a rea  i n  a ca t a lys t  i s  desirable .  

* Catalyst  pore volume i s  s imi l a r ly  considered t o  be a c r i te r ionof  over-al l  

ca t a lys t  a c t i v i t y ,  as is average pore diameter. These c a t a l y s t  p roper t ies  

a re ,  however, secondary cha rac t e r i s t i c s  which a re  e s s e n t i a l  i f  a ca t a lys t  

i s  t o  have high surface a rea ,  

c a t a l y s t  porosi ty  and indicates  t he  general  ease with which reac tan ts  may 

pass in to  the  c a t a l y s t  i n t e r s t i c e s  and reach the  l e s s  accessible  ac t ive  

metal s i t e s .  Average pore s ize  serves  as an ind ica tor  of the  r e l a t i v e  

a v a i l a b i l i t y  o f  c a t a l y s t  pores f o r  reac t ion .  

between chemical species  having molecular diameters of 5 8, a ca t a lys t  

The pore volume is a general  measure of 

For example, i n  a reac t ion  
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0 
having an average pore diameter of only 4 A would not be expected t o  pro- 

mote the reaction as wel l  as a similar one having an average pore diam- 

e t e r  of 10 A. 
0 

Pore s i z e  d i s t r ibu t ion  is another ca t a lys t  property which serves  a s  an 

ind ica tor  of a c t i v i t y  and o f  du rab i l i t y .  Since ca t a lys t  damage genera l ly  

r e s u l t s  from pore closure during the  reac t ion  sequence, and s ince the  

smaller pores a r e  usua l ly  p r e f e r e n t i a l l y  closed, pore s i z e  d i s t r i b u t i o n  

can be used as an ind ica tor  of the  extent  of c a t a l y s t  damage and of the  

a b i l i t y  of a c a t a l y s t  t o  continue t o  promote a reac t ion .  

s i b l e  t o  conclude general ly  t h a t  a wide range of pore s i z e s  i s  preferable  

t o  a narrow range o r  vice versa.  

t h a t  which provides the  desired reac t ion  i n  s p i t e  of s l i g h t  pore damage 

(shrinkage), but does not a l l o w  f o r  undesirable s ide react ions.  

It is  not pos- 

In  f a c t ,  the  optimum range would be 

In  c e r t a i n  instances,  a spec ia l  surface treatment was given the  ca t a lys t  

t o  evaluate its e f f e c t s  on surface cha rac t e r i s t i c s .  This treatment con- 

s i s t e d  of calcining t h e  c a t a l y s t  i n  a i r  a t  680 F (360 C ) ,  and w a s  done 

f o r  the purpose of ensuring proper drying of t he  ca t a lys t  p r i o r  t o  anal-  

y s i s .  Calcining i n  t h i s  sense is, therefore ,  defined as the  very e f f i c i -  

en t  drying and removal of t race  impuri t ies  from the  c a t a l y s t  surface.  

Crush Strength. 

previously described. In  general ,  the  ca t a lys t  samples were placed on 

the  t e s t e r  p la te  and compressed by increasing pressure on the  hydraulic 

jack pis ton.  

The pressure a t  which the  ca t a lys t  f a i l e d  was noted, mult ipl ied by the 

area of the  pis ton (0.1 sq i n . ) ,  and recorded as the  crush s t rength  of 

the  ca ta lys t .  

Catalyst crush s t rength  was measured with the  device 

Compression was increased u n t i l  the  p e l l e t  w a s  crushed. 

Multiple runs ( 5  t o  10) were made t o  provide representa- 
ssnplizg resnlts. 
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EXPERIMENTAL EVAWATION 

The experimental evaluat ion task was divided i n t o  t w o  primary phases: 
c a t a l y s t  screening with chi l led gaseous propel lan ts ,  and c a t a l y s t  evalu- 

a t i o n  with l i q u i d  propel lants .  

Cat a1 ys t Sc reeninq 

Catalyst screening with ch i l led  gaseous propel lan ts  was conducted i n  t h e  

1-inch-diameter hardware, and used the  gaseous propel lan t  systems previ- 

ously described. 

and ch i l l ed  t o  the  t a rge t  temperature by  hea t  exchange with l i qu id  n i t ro -  

gen flowing through the reac tor  j acke t .  Once the  c a t a l y s t  sample reached 

the desired temperature, gaseous hydrogen flow w a s  i n i t i a t e d .  Gaseous 

hydrogen w a s  dumped overboard dur ing  t h e  propel lan t  chilldown cycle ,  and 

d iver ted  through t h e  engine once the  desired f u e l  temperature was reached 

(normally -270 F). 
duced when it was  des i red  t o  s tar t  the  t e s t  run. The mixture of ambient 

oxygen and c h i l l e d  hydrogen produced the  des i r ed  propel lan t  environmental 

temperature (Fig.  17). 

The ca ta lys t  t o  be screene6 was placed in t he  r eac to r  

Gaseous oxygen, a t  ambient temperature, was in t ro-  

The majori ty  of the t e s t s  were f o r  a dura t ion  of 10 seconds; however, 

the  t o t a l  range of t e s t  durat ion was from 8 t o  24 seconds. A l l  t e s t s  

were sequenced e l e c t r i c a l l y .  I n  some, a gaseous oxygen lead prevai led,  

bu t  most of the  tests were conducted with a 1-second hydrogen lead. 

S imi la r ly ,  a 3- t o  5-second hydrogen lag was used t o  ensure t h a t  t he  

c a t a l y s t  was dry  and de-oxidized f o r  t he  succeeding run. 

it was es tab l i shed  t h a t  p r io r  reduct ion of t h e  c a t a l y s t  from a poss ib le  

oxidized s t a t e  t o  the  reduced metal enhanced the  c a t a l y t i c  act ivi ty .  

I n  t h i s  regard,  

Original ly ,  the  procedure was t o  place the  c a t a l y s t - f i l l e d  r eac to r  i n  
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an oven operating a t  approximately 250 F t o  remove moisture p r i o r  t o  the 

ac tua l  t e s t .  This was not e f f ec t ive  i n  reducing the  c a t a l y s t ,  s ince it 
was not feas ib le  t o  introduce a reducing agent (hydrogen) in to  the h o t  

oven. The next approach was t o  mount the reac tor  i n  place on the  t e s t  

stand and preburn the  c a t a l y s t  a t  a temperature of about 500 F f o r  about 

30 t o  60 seconds p r i o r  t o  the i n i t i a t i o n  of a s e r i e s  of t e s t  runs.  This  

proved t o  be a s a t i s f a c t o r y  procedure, and was used i n  the  remainder of 

t he  ca t a lys t  screening t e s t s .  

Following the ca t a lys t  reduction by preburning i n  a fue l - r ich  atmosphere, 

i gn i t i on  t e s t s  were conducted a t  environmental temperatures (hardware and 

propel lan t )  of -250 F. 

measured, and mixture r a t i o  (o/f)  was computed. 

t i o n  chamber temperature were evaluated a s  a funct ion of t ime, a s  was 

combustion chamber temperature. 

f e r e n t i a l  between the  s igna l  t o  the  oxidizer  (lagging propel lan t )  valve 

and the  f i r s t  indicat ion of i gn i t i on  a s  measured by chamber pressure o r  

temperature, was determined from osci l lograph char t s  and used i n  compar- 

ing r e l a t ive  a c t i v i t i e s  of the various c a t a l y s t  samples a t  the  reduced 

temperature (-250 F) .  

a pneumatic response lag  of about 20 milliseconds and a thermal lag  of 

approximately 2 milliseconds when the  combined mass flowrate i s  on the  

order of 0.04 lb/sec. 

from the  apparent i gn i t i on  delay t o  a r r i v e  a t  a more near ly  accurate 

value f o r  igni t ion delay. 

Propellant f lowrate and i n l e t  temperature were 

Catalyst  bed and combus- 

Ign i t ion  delay, defined as  the time d i f -  

The over-al l  i gn i t i on  delay,  a s  reported,  includes 

These inherent system time lags must be sub t r ac t ed '  

Low-Temperature Catalyst  Evaluation 

The ca ta lys t  evaluation procedure was conducted w i t h  l iqu id  propel lants  

~ i i d  represented iniich i i iOi=e  severe t e s t  of ca ta lys t  a c t i v i t y  than the 

ca ta lys t  screening t e s t s .  The general  procedure used i n  these t e s t s  was 



1p ROCYETDYNE A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  

t o  place a previously reduced sample of c a t a l y s t  (reduced by  purging i n  

a hydrogen atmosphere f o r  approximately 1 hour) i n  the 3-inch-diameter 

r eac to r ,  t o  pass l i qu id  hydrogen through the  c a t a l y s t  bed u n t i l  l i qu id  

hydrogen could be seen leaving the  nozzle of the  engine,  and then i n i t i a t e  

l i q u i d  oxygen flow t o  the  ca ta lys t  bed. In each instance,  a t  l e a s t  a 

5-second l iqu id  hydrogen lead through the  c a t a l y s t  bed was used. Liquid 

oxygen was dumped overboard pr ior  t o  d ive r t ing  it through the  in j ec to r .  

I n  t h i s  manner, de l ivery  of l iquid oxygen t o  t he  c a t a l y s t  bed was ensured 

a lmos t  instantaneously upon demand. 

cessat ion of oxygen f l o w ,  

A 1-second hydrogen l ag  followed 
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RESULTS AND DISCUSSION 

The homogeneous reac t ion  of oxygen with hydrogen i s  genera l ly  regarded 

t o  be a branched-chain mechanism, and can be t r e a t e d  i n  semi-rigorous 

fashion under c e r t a i n  c i rcmstances .  

mote the  reac t ion  complicates the  ana lys i s  of t h e  0 H reac t ion .  Catal- 

ysis, per s e ,  i s  not t o o  well understood, and i n j e c t i o n  of t h i s  concept, 

w i t h  none of the refinements' of an a n a l y t i c a l  r eac to r ,  i n t o  the  oxygen/ 

hydrogen reac t ion  system v i r t u a l l y  e l iminates  any p o s s i b i l i t y  of a pre- 

c i se  k ine t i c  ana lys i s  of the c a t a l y t i c a l l y  promoted oxygen/hydrogen 

reac t ion .  

impossible the separat ion a n a l y t i c a l l y  of the i n t e r r e l a t e d  e f f e c t s  of 

temperature and pressure on the 02/% r eac t ion ;  theref ore,  l i t t l e  theo- 

r e t i c a l  s ign i f icance  can be ascr ibed t o  t he  r e s u l t s  of the i g n i t i o n  t e s t s .  

Since the  purpose of t h i s  study, however, was t h e  p r a c t i c a l  appl ied 

research t a s k  of def in ing  the  cons t r a in t s  and l imi t a t ions  of t he  cata- 

l y t i c  oxygen/hydrogen react ion,  a prec ise  ana lys i s  of the  c a t a l y t i c  reac- 

t i o n  is not e s s e n t i a l .  Wi th  t h i s  i n  mind, the r e s u l t s  of the  v a r i o u s  

phases of t h i s  pro jec t  a r e  presented. Theoret ical  s ign i f icance  is dis-  

cussed where possible and appropriate .  

of c a t a l y s i s  is  presented as  Appendix A as an a i d  i n  understanding the  

fundamental aspec ts  of t h e  c a t a l y t i c  phenomenon. 

includes a discussion of the c a t a l y s t  - s e l ec t ion  c r i t e r i a .  

The addi t ion  of a c a t a l y s t  t o  pro- 

d2 

The absence of an a n a l y t i c a l  ( d i f f e r e n t i a l )  r eac to r  renders 

A discussion of t he  bas i c  theory 

This appendix a l so  

Preceding page blank 
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CATALYST SEIECTIW RESULTS 

Catalytic A c t i v i t y  

The r e s u l t s  of the  a c t i v i t y  measurements a r e  as shown i n  Table 4. Each 

run reported was of 10-minutes dura t ion  and w a s  conducted with a 5-gram 

c a t a l y s t  charge. A 2-minute hydrogen lead preceded each run. The 

oxygen/hydrogen weight mixture r a t i o  was 0.33, and t h e  combined gas flow- 

r a t e  was such t h a t  100-percent conversion of oxygen corresponded t o  the 

generat ion of 0.396 gram of water. 

The r e s u l t s  of the ac t iv i ty  measurements indicated t h a t  the only c a t a l y s t s  

worthy of fur ther  considerat ion i n  t h i s  t a s k  were: 

Enge lhard 

Enge lhard 

Enge lhard 

Enge lhard 

Houdry 

Girdle r 

She l l  

Davison 

DS 

DSS 

MFSS 

MFSA 

A-2OOSR 

6-68 ( t r ea t ed )  

8240-168 

SMR 55-1097-1 

The manner of treatment f o r  the  Gird le r  c a t a l y s t  i s  described l a t e r  i n  

t h i s  repor t .  

Nei ther  the Shel l  8240-168 nor the  Davison SMR 55-1097-1 c a t a l y s t  was 

ava i l ab le  in  s u f f i c i e n t  quant i ty  or s u f f i c i e n t l y  e a r l y  i n  the  program 

f o r  s e r ious  considerat ion i n  t h i s  task.  Consequently, they  were given 

only l imited study. It i s  i n t e r e s t i n g  t o  note ,  however, t h a t  the  Shel l  

c a t a l y s t  has a low-temperature (-300 F)  ac t iv i ty  l eve l  exceeded only by 

the  Engelhard MFSA c a t a l y s t .  
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The Davison SMR 55-1097-1 ca ta lys t  i s  only marginally b e t t e r  than the  

Houdry A-200SR configurat ion,  and would not have been se lec ted  f o r  fur -  

t h e r  s tudy i n  t h i s  t a s k  even had it been ava i lab le .  

Fromthe  remaining s i x  ca ta lys t s ,  the  decis ion was made t o  e n l u a t e  only 

the  following: 

Engelhard MFSA 

Enge lhard MFSS 

Engelhard DSS 

Houdry A-BOOSR 

Since the Houdry c a t a l y s t  does not ,by  comparison, appear t o  be b e t t e r  

than the Engelhard DS ca t a lys t ,  some explanation f o r  i t s  se l ec t ion  is  

appropriate .  Past  discussions with Engelhard representa t ives  have indi-  

cated t h a t  the  only s igni f icant  difference between the  DS and DSS formu- 

l a t i o n s  i s  the  increased res i s tance  t o  thermal shock of the  DSS ca t a lys t .  

On the  b a s i s  of t h i s  la rge  degree of s i m i l a r i t y  between the DS and DSS 

c a t a l y s t s ,  it was decided t o  de l e t e  the DS ca t a lys t  from fu tu re  phases 

of the study and t o  subs t i t u t e  Houdry A-2OOSR i n  its place.  Select ion of 

the four  ca t a lys t s  previously indicated a l s o  provided four  b a s i c a l l y  d i f -  

f e r e n t  ca t a lys t  types f o r  fur ther  s tudy;  namely, platinum, palladium, 

platinum-rhodium, and platinum-rhodium-lead, a l l  on alumina bases .  

Although no Davison c a t a l y s t  was se lec ted  f o r  study, it is  i n t e r e s t i n g  

t o  note the e f f e c t  of noble-metal concentration on c a t a l y s t  a c t i v i t y  

exhibi ted by  these ca t a lys t s .  

nominally 6-weight percent platinum on s i l i c a  ge l .  

was supposedly prepared in  the same manner, had the  same surface charac- 

t e r i s t i c s  and type of subs t ra te ,  bu t  contained only 0.6-weight percent 

The SMR 55-1097-1 configuration contained 

The SMR 55-1097-4 
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platinum. 

a c t i v i t y  equivalent t o  99.9-percent conversion a t  an environmental tem- 

perature of 77 F. 

verted only 8.8 percent of the propellant combination. 

i n  conversion l e v e l  points up v i v i d l y  t h e  e f f e c t  of c a t a l y s t  metal con- 

cen t r a t ion  on c a t a l y t i c  a c t i v i t y .  

The higher platinum-content c a t a l y s t  w a s  seen t o  have an 

Similar ly ,  the lower platinum-content mater ia l  con- 

The d i f fe rence  

Surface Characterization 

Surface charac te r iza t ion  was conducted on a representa t ive  sampling of 

the available c a t a l y s t s  i n  an e f f o r t  t o  c o r r e l a t e  c a t a l y t i c  a c t i v i t y  

with surface condition. Only very general  co r re l a t ions  a re  possible 

because of the v a r i e t y  of c a t a l y t i c  metals,  manners of c a t a l y s t  prepara- 

t i o n ,  types of subs t r a t e s ,  and noble-metal concentrations used. It 
appears, however, t h a t  ca t a lys t  a c t i v i t y  i s  s t rong ly  influenced by sur -  

face a rea  and a c t i v e  metal concentration. 

t o  indicate  t h a t  c a t a l y t i c  a c t i v i t y  increases with pore volume. 

are  merely indicat ions,  however, and d e f i n i t i v e  co r re l a t ions  can be made 

The general t rend  a l s o  appears 

These 

only on t h e  b a s i s  of a much more in tens ive  study program. 

The r e s u l t s  of the surface charac te r iza t ion  measurements on c e r t a i n  of 

the ca t a lys t s  se lec ted  f o r  t h i s  program a r e  shown i n  Table 3. The Engel- 

hard DS and DSS c a t a l y s t s  a r e  seen t o  .have moderate surface a r e a ,  pore 

volume, and average pore diameter, and on t h i s  basis alone would be 

expected t o  have average and comparable a c t i v i t y  and l i f e .  

Two samples of the ME'SS c a t a l y s t  were subjected t o  ana lys i s  by the 

Isorpta  technique. 

a t e l y  high surface a rea  with average pore volume and pore diameter. 

The f i r s t ,  a f r e s h  sample, was seen t o  have a moder- 

The 
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second sample, one which had been subjected t o  extensive use i n  oxygen/ 

hydrogen reac t ion  promotion serv ice ,  was s i m i l a r l y  analyzed, and the 

r e s u l t s  ind ica te  t h a t  MFSS has the  property of r e t a in ing  i t s  surface 

a rea ,  pore volume, average pore diameter, and appa ren t ly , ac t iv i ty  over an  

extended period of use. 

r e su l t i ng  from ca ta lys t  use is shown i n  Fig.  18. These r e s u l t s  show the 

smaller pores t o  be p re fe ren t i a l ly  closed i n  use.  

The r e l a t i v e  change i n  pore s i ze  d i s t r i b u t i o n  

The f i n a l  Engelhard ca t a lys t ,  t he  MFSA, had a surface area surpassing 

t h a t  of any of t he  others,  and f o r  t h a t  mat ter ,  surpassing any other 

known alumina-based ca t a lys t .  

a s  expected f r o m t h e  high surface a rea .  

alone,  the MFSA ca ta lys t  should have outstanding a c t i v i t y  (as was l a t e r  

demonstrated), and should have r e i g n i t i o n  capab i l i t y  f a r  surpassing any 

of the previous ca t a lys t s .  

The pore volume w a s  correspondingly high, 

On the b a s i s  of surface a rea  

A second sample of MFSA ca ta lys t ,  calcined i n  a muffle furnace f o r  2 hours 

a t  1110 F, was a l s o  subjected t o  surface charac te r iza t ion  t e s t s ,  and was 

found t o  have l o s t  near ly  50 percent of t he  or ig ina l  surface a rea  and 

pore volume. 

treatment,  however, since t h e  ca lc in ing  w a s  done i n  the  presence of a i r ,  

and the  durat ion of the treatment WELS qu i t e  long. It is i n t e r e s t i n g  t o  

note t h a t  the smaller-sized pores were p r e f e r e n t i a l l y  closed o r  occluded, 

a s  demonstrated by the  comparative pore s i z e  d i s t r i b u t i o n  curves shown 

i n  Fig.  19. 
l o s s ,  however, since the  smaller pores a re  l e s s  access ib le  t o  t he  reac t -  

an t s  than the  l a rge r  pores and, t he re fo re ,  do not play a ma jo r  ro l e  i n  

r eac t  ion promotion. 

The calcining operation was known t o  be a r a t h e r  d r a s t i c  

Loss of very small pores is not considered t o  be a major  
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The Houdry ca t a lys t s  had a l o w  (A-100S, Pd-K) t o  moderate (A-2OOSR) sur -  

face  a r e a ,  pore volume, and average pore diameter. The A-100s and Pd-K 

c a t a l y s t s  are n o t  recommended f o r  the  p a r t i c u l a r  appl ica t ion  considered 

because of the probable rap id  l o s s  i n  a c t i v i t y  due t o  reduction i n  sur- 

face a rea  i n  the  heat ing and cooling cycles associated with rocket engine 

serv ice .  The A-POOSR c a t a l y s t ,  however, compares favorably with the 

Engelhard DSS c a t a l y s t ,  and would be recommended on the  b a s i s  of surface 

cha rac t e r i s t i c s .  Pore s i z e  d i s t r i b u t i o n  c h a r a c t e r i s t i c s  of the  Houdry 

A-200SR ca ta lys t  a r e  shown i n  F ig .  20. 

. 

The Girdler  G-58 c a t a l y s t  was immediately discarded when an ana lys i s  of 

its surface indicated a surface a rea  of only 10 square meters/gram. The 

remaining Girdler c a t a l y s t s  had b e t t e r  than average surface a rea  and 

assoc ia ted  cha rac t e r i s t i c s .  

ca lc in ing  operation conducted on Engelhard MFSA, and was found t o  have 

l o s t  only about  25 percent of i ts  surface a rea .  The pore s i z e  d i s t r ibu -  

t i o n  r e s u l t s  presented i n  F ig .21  

p re fe ren t i a l  small pore closure o r  occlusion. 

A sample of 6-68 was subjected t o  the same 

show mos t  of the  l o s s  t o  be due t o  

The Universal O i l  Products C- IV nickel-on-alumina c a t a l y s t  had a re la -  

t i v e l y  low surface a rea ,  very l o w  pore volume, and l o w  average pore 

diameter. For t h i s  reason, it is not recommended, and no f u r t h e r  study 

was made on t h i s  c a t a l y s t .  

The.Catalytic Combustion Company c a t a l y s t  was unique i n  i t s  manner of 

preparation, bu t  was found t o  have extremely l o w  surface c h a r a c t e r i s t i c s .  

No f u r t h e r  work was done with t h i s  c a t a l y s t .  
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The t w o  Davison c a t a l y s t s  analyzed were v i r t u a l l y  i d e n t i c a l  i n  surface 

a rea ,  pore s i ze ,  and pore volume, ind ica t ing  a similar method of prepara- 

t i o n ,  and the  use of e s s e n t i a l l y t h e  same subs t ra te .  

these c a t a l y s t s  w a s  t he  highest of those evaluated, while pore volume 

was only average, and average pore s i z e  qui te  low. This i s  typ ica l  of 

silica-gel-based ca t a lys t s .  On the  b a s i s  of surface a rea ,  the  Davison 

c a t a l y s t s  would be expected t o  have a long ac t ive  " l i f e , "  and should be 

highly r e s i s t a n t  t o  thermal damage. 

Surface a rea  f o r  

The f i n a l  c a t a l y s t ,  t he  Shell  8240-168, was qui te  s i m i l a r  t o  the  Engelhard 

DSS ca ta lys t  i n  surface area,  pore volume, and average pore s i z e .  T h i s  

c a t a l y s t  was or ig ina l ly  thought t o  be based on kaol in ,  bu t  subsequently 

was found t o  be manufactured from an alumina subs t r a t e  impregnated with 

appropriate  metals. 

In reviewing the  c a t a l y s t  surface c h a r a c t e r i s t i c s ,  it is  seen t h a t  the 

Engelhard MFSA c a t a l y s t  is  much more c e l l u l a r  i n  nature  than the  others  

evaluated, a s  evidenced by the l a rge r  changes i n  pore volume with changes 

i n  pore diameter. 

promotion. 

Therefore, more surface would  be ava i lab le  f o r  reac t ion  

This f a c t  i s  confirmed by the  large surface area reported.  

Chemical Analysis 

Only f i v e  of the  mos, prom-ding ca t a lys t s ,  based on a c t i v i t y  measurements, 

were submitted f o r  spectrographic ana lys i s  i n  t h i s  program. 

l y s t s  were Engelhard's DS, DSS, MFSS, and MFSA; and Houdry's A-200SR. 
The r e s u l t s  of these  analyses are shown i n  Table 2. 

These cata- 
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Reviewing the da t a  presented i n  Table 2, it should be noted t h a t  the  

major difference between the  DS and DSS c a t a l y s t s  i s  the  amount of 

sodium present.  Since a l k a l i  metals a r e  known t o  promote c a t a l y s t  

s i n t e r i n g  with r e s u l t a n t  l o s s  i n  surface a rea  and a c t i v i t y ,  it is con- 

ceivable that  t he  DSS formulation would have g r e a t e r  r e ign i t ion  c a p a b i l i t y  

than the  DS formulation. The MFSS c a t a l y s t  i s  seen t o  be d i f f e r e n t  from 

the  DS and DSS c a t a l y s t s  i n  noble-metal content .  

i n  the MFSS formulation a r e  platinum and rhodium. 

t h a t  rhodium is more ac t ive  i n  promoting t h e  r eac t ion  of oxygen and 

hydrogen than e i t h e r  platinum o r  palladium. 

theory,  a s  discussed i n  Appendix A .  Rhodium, however, i s  very d i f f i c u l t  

t o  deposi t  on a subs t r a t e ;  hence, platinum is  used as a base 'on  which 

t o  deposi t  rhodium. 

b ime ta l l i c  c a t a l y s t ,  bu t  such w a s  not  the  purpose i n  the  o r ig ina l  

formulation. 

The c a t a l y t i c  agents  

The vendor contends 

(This i s  consis tent  with 

Some syne rg i s t i c  e f f e c t s  may r e s u l t  from use of a 

The second ca t a lys t  shown i n  Table 2, MFSA, is seen t o  be s imi l a r  t o  

MFSS i n  the use of platinum and rhodium, but  the  ana lys i s  ind ica tes  an 

absence of any appreciable quant i ty  of s i l i c o n ,  reduced platinum and 

rhodium content, and the  presence of lead a s  a t h i r d  metal .  The v i r t u a l  

absence of sodium should make t h i s  ca t a lys t  capable of repeated use with- 

out appreciable lo s s  i n  a c t i v i t y .  

The f i f t h  ca t a lys t ,  A-200SR, appears t o  be simply a platinum-on-alumina 

formulation, t yp ica l  of re-forming c a t a l y s t s  used i n  the  petroleum 

industry.  This pa r t i cu la r  ca t a lys t  i s  one of a s e r i e s  of su l fu r - r e s i s t an t  

platinum configurations deposited on, nominally, a 200 square meter per  

gram surface a rea  subs t ra te .  The t e r m  "su l fur - res i s tan t"  r e f e r s  t o  

res i s tance  t o  poisoning by the a c t i o n  of s u l f u r  compounds. This property 
i sna t  important i n  the  present appl ica t ion ,  b u t  does add t o  an understand- 

ing of the nature of the c a t a l y s t .  
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/- 

Catalyst  Treatments 

Since c a t a l y s t s  provided d i r e c t l y  from vendors of ten  contain considerable 

quan t i t i e s  of moisture and, i n  some cases ,  have an oxide mantle covering 

the ac t ive  metal ,  preliminary treatments were given c e r t a i n  of t he  cata- 

l y s t s .  

were subjected t o  a calcining operation i n  a i r  f o r  2 hours a t  1110 F t o  

v o l a t i l i z e  the  promoters and expose more c a t a l y t i c  surface.  

done a s  an af ter thought  

ca t a lys t s  exhibi ted appreciable a c t i v i t y .  

enhance the  a c t i v i t y  of the 6-68 c a t a l y s t ,  bu t  not t o  improve the  a c t i v i t y  

of the  G-55 c a t a l y s t  appreciably (Table 4). 

The Gird ler  G-55 and 6-68 promoted palladium-on-alumina c a t a l y s t s  

This was 
when it was observed t h a t  ne i the r  of these 

Such ca lc in ing  was seen t o  

The ME'= c a t a l y s t  was subjected t o  two such t reatments .  The f i r s t  con- 

s i s t e d  of a simple drying operation i n  which the  c a t a l y s t  was heated t o  

250 C (492 F) f o r  approximately 1 hour i n  a drying oven. 

The large weight l o s s  (10.8 percent) of MFSA on heat ing a t  250 C i n  the  

drying oven was obviously due t o  the  l o s s  of water of hydration. 

f ollawing t ab le  gives theo re t i ca l  weight l o s ses  and temperatures of t ran-  

s i t i o n  appl icable  t o  the alumina hydrates:  

The 

Alumina Formula Temp. of Trans. t o  Percent Weight 
Hydrate We i ah t  Lower Hydrate Loss Per SteD 

A 1  0 -3 0 156 200 C (392 F) 11.5 

A 1  0 *2H20 138 360 C (680 F) 13.0 

A1203 *H20 120 > 360 C (> 680 F) 15.0 

2 3  %? 
2 3  

The observed 10.8 percent weight l o s s  on heat ing a t  250 C shows t h a t  

MFSA is on an A 1  0 -3 
10.1 percent i n  the  reac tor  and approximately the  same weight gain i n  

0 (g ibbs i te )  support .  The ca t a lys t  weight l o s s  of 
2 3  3 
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t he  water absorber was noted a f t e r  the run a t  77 F. This f a c t  leads t o  

the  conclusion t h a t ,  dur ing the  run, the temperature of the  s o l i d  cata- 

l y s t  must have reached a t  l e a s t  200 C (392 F). 

The second treatment of t he  MFSA ca ta lys t  consisted of calcining i n  a 

muffle furnace a t  1110 F f o r  approximately 2 hours. 

t i o n ,  the  MFSA c a t a l y s t  suffered a weight reduction of approximately 

22 percent.  

During t h i s  opera- 

This corresponds t o  a l o s s  of t w o  waters of hydration. 

Surface cha rac t e r i s t i c s  f o r  the  Girdler  6-68 and Engelhard MFSA ca t a lys t s  

a f t e r  each treatment a r e  shown i n  Table 3 and Fig .  19 and 21. 

c a t a l y s t  suffered only minor loss i n  surface proper t ies ,  but  showed a 

marked increase i n  a c t i v i t y ,  a s  presented i n  Table 4.  The r e l a t i v e  pore 

s i z e  d i s t r ibu t ion  f o r  the 6-68 c a t a l y s t  before and a f t e r  calcining is 

shown i n  Fig. 21. The reduction i n  number of small pores is apparently 

due t o  s in t e r ing ,  while the  increase i n  number of la rge  pores and cata- 

l y s t  a c t i v i t y  is probably due t o  more e f f i c i e n t  drying (moisture removal) 

and perhaps t o  v o l a t i l i z a t i o n  of promoter from the  pores. 

The 6-68 

The MFSA ca ta lys t  suffered a large decrease i n  surface a rea  on calcining,  

with corresponding decreases i n  pore volume and average pore s i z e .  

ure 19 shows changes i n  the  pore s i z e ' d i s t r i b u t i o n  of MFSA on heating 

and on calcining. 

port ion of large pores by  f r ee ing  them of 

reduced the number of small pores by s in t e r ing .  

a c t i v i t y  observed with calcined MFSA is apparent ly  due t o  a more e f f i c i -  

en t  drying. All c a t a l y s t s  were t rea ted  f o r  2 hours i n  a hydrogen atmos- 

phere a t  680 F pr io r  t o  c a t a l y s t  a c t i v i t y  t e s t s .  

Fig- 

Moderate heat ing (drying) increase enormously the pro- 

water.  Calcining (roast ing)  

The enhancement of 
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Catalyst Crush Strength 

The var ious c a t a l y s t s  evaluated i n  t h i s  program were subjected t o  crush 

s t r eng th  t e s t s  t o  determine t h e i r  r e l a t i v e  res i s tance  t o  physical  shock 

and acce le ra t ion  loading. 

previously.  i n  these t e sks ,  t h e  cy l ind r i ca l  pellets were t e s t e d  i n  two 

or i en ta t ions ;  long a x i s  horizontal  and long a x i s  v e r t i c a l .  The r e s u l t s  

a r e  presented i n  Table 5. 
Chemicals, Incorporated C-54 c a t a l y s t  had the  highest  crush s t rength  

(52 pounds) of t he  spher ica l  c a t a l y s t s .  

the  MFSS had the  highest  crush s t r eng th  (26.6 pounds). 

The apparatus used i n  these  tests w a s  descr ibed 

These da ta  ind ica te  t h a t  t he  Catalysts and 

O f  t he  recommended c a t a l y s t s ,  

Of the  cy l ind r i ca l  ca t a lys t s ,  t he  highest  r e s i s t ance  t o  crushing i n  the  

v e r t i c a l  pos i t ion  was exhibited by the  Gird le r  c a t a l y s t s ,  none of which 

were crushed a t  200-pounds of fo rce .  

Gi rd le r  6-58 c a t a l y s t  appeared t o  be the  hardes t ,  wi th  a crush s t r eng th  

of 112 pounds. 

I n  the  hor izonta l  pos i t ion ,  t he  

In general ,  calcining has the e f f e c t  of reducing crush s t rength ;  the  

g r e a t e r  the  degree of calcining,  t he  g r e a t e r  t he  reduction. 

Therma 1 Shock Resis tance 

The r e s i s t ance  of the  various c a t a l y s t s  t o  thermal shock was measured 

by the  sauna treatment previously described, and the  r e s u l t s  presented 

i n  Table 6. In general ,  only t h e  MFSS 1/4-inch cy l inders  and 1/4-inch 

spheres (not  otherwise evaluated i n  t h i s  program) were damaged physical ly  

(v isua l ly) .  The Gird ler  G-55 and 6-68, both palladium ca ta lys t s  , changed 

color  a s  a r e s u l t  of t h e  thermal shock treatment.  

t h e  c a t a l y s t s  t o  be used i n  t h i s  program were damaged i n  these  tes ts ,  and 

Because only two of 
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because t h i s  is thought t o  be due t o  promoter v o l a t i l i z a t i o n  r a t h e r  than 

a c t u a l  ca t a lys t  damage, a good general  r e s i s t ance  t o  thermal shock i s  

indicated f o r  a l l  of the  c a t a l y s t s  s e r ious ly  considered f o r  use i n  experi-  

mental evaluation. 

Following the sauna t reatment ,  the  four  se lec ted  c a t a l y s t s  were subjected 

t o  a c t i v i t y  t e s t s  and measurement of surface cha rac t e r i s t i c s .  The 

r e s u l t s ,  with comparable r e s u l t s  from tests on untreated c a t a l y s t s ,  a r e  

shown i n  Tables 7 and 8. 

s u f f e r  appreciable l o s s  i n  a c t i v i t y  under ambient conditions.  S imi la r ly ,  

these  same ca ta lys t s  were d r a s t i c a l l y  reduced i n  a c t i v i t y  a t  an environ- 

mental temperature of -112 F. Appreciable reduct ion i n  a c t i v i t y  a t  t h i s  

temperature was a l s o  noted f o r  the  MFSA c a t a l y s t ,  bu t  not as dramatical ly  

as the previous two. A t  an environmental temperature of -300 F ,  a l l  

c a t a l y s t s  suffered lo s s  i n  a c t i v i t y  r e s u l t i n g  from the  thermal shock 

t e s t .  The A-200 SR ca t a lys t  re ta ined  about half  of i t s  or ig ina l  a c t i v i t y ,  

while the MFSA and MFSS samples re ta ined  only one-third of t h e i r  o r ig ina l  

a c t i v i t y .  The DSS ca ta lys t  l o s t  approximately 85 percent of i t s  a c t i v i t y  

a t  the  -300 F environmental temperature. 

Only the DSS and A-200SR c a t a l y s t s  appeared t o  

Table 8 presents the e f f e c t s  of thermal shock on c a t a l y s t  surface charac- 

t e r i s t i c s .  

analogous t o  ca lc ina t ion  b u t ,  i n  f a c t ,  represent  des t ruc t ive  t e s t i n g  of 

the ca t a lys t .  Results obtained a r e  ind ica t ive  only of t h e  c a t a l y s t ' s  

r e s i s t ance  t o  thermal shock. 

r e l a t i v e l y  mild damage from thermal shock, and even ind ica te  an increase 

i n  pore volume. On t h i s  b a s i s ,  these  two c a t a l y s t s  might be expected t o  

perform we 11 a f t e r  high-temperature shock. Such is  not  t r u e ,  however, 

It is noted a t  t h i s  point t h a t  thermal shock t e s t s  a r e  not  

The MFSS and DSS c a t a l y s t s  appear t o  sus t a in  
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,- 

f o r  t he  DSS c a t a l y s t  (as shown i n  Table 7 ). 
other  hand, does appear t o  r e t a i n  good act ivi ty .  This i s  cons i s t en t  

with information obtained from t h e  vendor r e l a t i v e  t o  the  r e s i s t ance  of 

the MFSS ca ta lys t  t o  thermal shock. 

The MFSS c a t a l y s t ,  on the  

Both the  MFSA and A-200SR ca ta lys t s  are seen t o  s u f f e r  considerable dam- 

age fromthermal  shock. Both s u f f e r  l a rge  decreases  i n  surface a r e a  and 

pore volume, while showing an increase i n  average pore diameter. 

ind ica tes  p r e f e r e n t i a l  closure of small c a t a l y s t  pores.  

This 

On the  b a s i s  of these t e s t s ,  the  MFSS and MESA c a t a l y s t s  appear t o  have 

the g r e a t e r  r e s i s t ance  t o  thermal shock. 

surface damage, and a l s o  appears t o  s u f f e r  the  g r e a t e r  loss i n  l o w  t e m -  

perature  a c t i v i t y  i n  terms of absolu te  magnitude. 

low-temperature act ivi ty  remains a t  a higher l e v e l  than the  MFSS c a t a l y s t ,  

however, even af ter  the  thermal shock ' t e s t .  

t h a t  t h e  M E ' S  formulation is super ior  $ 0  t h a t  of the  MFSS i n  terms of 

over-all r eac t ion  promotion a b i l i t y  f o r  t he  l i qu id  oxygen/liquid hydrogen 

system. 

The MFSA c a t a l y s t  s u f f e r s  more 

The MFSA c a t a l y s t  

On t h i s  basis, it appears 
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EXPERIMENTAL EVALUATION RESULTS 

This t a s k  was divided i n t o  two general  a r eas  of e f f o r t ;  one with gaseous 

propel lants  conducted i n  1-inch-diameter hardware, and the  other  with 

l i q u i d  propel lants  conducted i n  3-inch-diameter hardware. 

Catalyst Screening i n  1-inch Hardware 

Following se lec t ion  of t he  Engelhard MFSA, MFSS, DSS, and Houdry A-200SR 

c a t a l y s t s  f o r  f u r t h e r  study, t h e  t e s t  hardware phase of the  program w a s  

i n i t i a t e d .  

i n  F ig .  1 and Ref. 3 .  The i n j e c t o r  is  of the  4-on-1 impinging stream 

(hydrogen-on-oxygen) type,  cons is t ing  of f i v e  elements 

impingement angle (hydrogen-on-oxygen) of 70 degrees.  From the i n j e c t o r ,  

t he  prechi l led gaseous mixture passes through a mixing chamber which may 
v a r y  i n  length from 1 t o  3 inches before  en ter ing  the  c a t a l y s t  bed. The 

c a t a l y s t  bed length was maintained a t  2 inches throughout the course of 

these  runs,  bu t  may vary up t o  5 inches.  

products leave the r eac to r  through a combustion chamber designed t o  pro- 

vide a cha rac t e r i s t i c  chamber length of 40 inches.  On the  b a s i s  of past 

experience,  t h i s  value appears t o  be adequate f o r  complete combustion. 

The r eac to r  configurat ion used i n  these  t e s t s  is as shown 

and having an 

The combustion ( o r  reac t ion)  

I n  t h e  i n i t i a l  runs,  t h e  instrumentation system was such t h a t  the  ign i t i on  

de lay  measurements were a c t u a l l y  a measure of the  t i m e  between the open- 

ing  of the oxidizer  main valve and the f i r s t  i nd ica t ion  of ign i t ion .  

More recent ly ,  the  system has been modified t o  e l imina te  the  time l a g  

assoc ia ted  with oxygen flow from the main valve t o  the  c a t a l y s t  bed. A 

p i t o t  tube has been i n s t a l l e d  immediately i n  f r o n t  of the  c a t a l y s t  bed 

t o  a l l o w  recording of t he  time a t  which t h e  oxygen reaches the  bed, and 
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thereby t o  enable a more near ly  accurate  measurement of i gn i t i on  delay. 

By using t h i s  method of analysis ,  apparent " ign i t ion  delay" has been decreased 

from about 40 milliseconds t o  roughly, 20 mill iseconds,  depending on 

the pa r t i cu la r  ca t a lys t  and bed length used. 

The i n i t i a l  t e s t i n g ,  with the Engelhard MFSA and MFSS c a t a l y s t s ,  was 

conducted almost rou t ine ly  without d i f f i c u l t y .  However, concurrently 

with the  beginning of t e s t s  on the  other c a t a l y s t s ,  a contaminant appeared 

i n  the  hydrogen supplied t o  the t e s t  a rea .  The contaminant was estab- 

l i shed  by mass spectrographic ana lys i s  t o  be compressor o i l ,  and began 

t o  appear i n  the  hydrogen gas stream only a f t e r  a change i n  f i l t e r  medium 

was made a t  the  gas compressor s t a t i o n .  Previously,  the  f i l t e r  medium 

had been ac t iva ted  charcoal.  This mater ia l  performed s a t i s f a c t o r i l y  i n  

a l l  respects  except one; the  charcoal became sa tura ted  qui te  r ap id ly  i n  

service which necess i ta ted  frequent replacement. For t h i s  reason, the  

f i l t e r  medium was changed t o  ac t iva ted  alumina,  which has a longer ser-  

vice l i f e .  In  r e t rospec t ,  undoubtedly the  reason f o r  t h i s  longer se rv ice  

l i f e  i s  the  f a c t  t h a t  the alumina is not as e f f i c i e n t  a f i l t e r  mater ia l  

as the  charcoal. 

With the change i n  f i l t e r  material ,  compressor o i l  began t o  pass through 

and en te r  the storage b o t t l e s  used i n  the  t e s t  a r ea ,  and thence i n t o  the  

t e s t  system. 

organical ly  bound as mercaptans , thiophenes, amines, e t c .  

and su l fu r  a r e  known poisons t o  noble-metal ca t a lys t s ,  and the  presence 

of these mater ia ls  i n  the  hydrogen gas supplied t o  the  ca t a lys t  r e su l t ed  
i n  poisoning. 

on the  f i r s t  t r y ,  but  f a i l e d  i n  succeeding t e s t s .  

f a i l u r e  i s  exac t ly  what would be expected i f  the  c a t a l y s t  were poisoned 

by some reac tan t  contaminant, 

Compressor o i l s  invar iab ly  contain both s u l f u r  and ni t rogen 

Both ni t rogen 

In  p rac t i ce ,  the various c a t a l y s t s  t e s t ed  f i r e d  e f f e c t i v e l y  

This mode of c a t a l y s t  
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The t e s t  f a i l u r e s  occurred a t  such a time i n i t i a l l y  as t o  be nonsuspect, 

s ince the  ca t a lys t s  i n  some instances  were undergoing t h e i r  f i r s t  t e s t s .  

The conclusion was t h a t  t he  c a t a l y s t  simply had no r e i g n i t i o n  capab i l i t y ,  

and the sample w a s  discarded. 

f a i l u r e s  mounted, samples of c a t a l y s t s  (MFSA) which had previously proved 

sa t i s f ac to ry ,  were t e s t ed  as a cont ro l  measure. When these c a t a l y s t s  

f a i l e d  t o  r e ign i t e  t he  propel lant  combination, the search began which 

f i n a l l y  proved the  problem t o  l i e  with the  o i l  contaminant i n  the  hydrogen. 

As time went by and the  number of t e s t  

The spec i f ic  manner of c a t a l y s t  damage from poisoning by  s u l f u r  and n i t ro -  

gen compounds is reasonably wel l  es tab l i shed .  I n  general ,  s u l f u r  is con- 

verted t o  hydrogen su l f ide  i n  the  presence of t he  c a t a l y s t .  This ,  i n  

t u r n ,  a t tacks  the c a t a l y t i c  metal i n  such a way as t o  reduce the  a b i l i t y  

of the ca t a lys t  t o  promote the 02/% reac t ion .  

su l fu r  poisoning is  r eve r s ib l e ,  and would be corrected with the introduc- 

t i o n  of pure hydrogen. 

It i s  of i n t e r e s t  t h a t  

Nitrogen poisoning, on the  other hand, is  i r r e v e r s i b l e .  Nitrogen tends 

t o  deact ivate  the  a c i d i c  s i t e s  and therefore  the a b i l i t y  of a ca t a lys t  

t o  generate hydrogen a t o m s .  In  t h i s  sense,  it i s  much l i k e  s u l f u r  as a 

poison. However, an addi t iona l  e f f e c t  of ni t rogen i s  t h a t  it tends t o  

promote noble-metal c r y s t a l  growth. With c r y s t a l  growth comes c r y s t a l  

annealment anti the associated l o s s  i n  po in ts  of c a t a l y s t  c r y s t a l  d i s t o r -  

t i o n ,  corresponding t o  poin ts  of high ' a c t iv i ty .  

i r r eve r s ib l e  c a t a l y s t  poisoning. 

The r e s u l t  i s  an 

Af te r  determining the cause of previous c a t a l y s t  f a i l u r e ,  the  s torage 

b o t t l e  system f o r  s t o r i n g  high-pressure (3000 p s i )  hydrogen w a s  d i s -  

assembled, cleaned thoroughly t o  remove o i l  contaminants, and replaced 

i n  service.  P r io r  t o  f i l l i n g  t h i s  system, however, a f i l t e r  system 
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containing ac t iva ted  charcoal f o r  removal of compressor o i l  was placed 

i n  the f i l l  l i n e  from the compressor s t a t i o n .  

i n  a completely s a t i s f a c t o r y  manner. 

The system then operated 

While the s torage system was being cleaned and modified, experimental 

evaiuat ions were continued on a reduced b a s i s  with gaseous hydrogen 

purchased i n  IS b o t t l e s .  

Resul ts  of Catalyst  Screening Studies .  A t o t a l  of 118 screening evalua- 

t i ons  were made i n  t h i s  phase of the  experimental evaluat ion.  Approxi- 

mately 45 of these rune were discarded because of hydrogen contamination. 

The general  pa t t e rn  i n  these discarded runs was f o r  the c a t a l y s t  t o  pro- 

vide one ign i t i on ,  usua l ly  delayed, o r  a t  bes t  unstable ,  and then t o  

f a i l  t o  r e i g n i t e .  

runs associated with contaminated gas were discarded.  The r e s u l t s  of 

the  remaining 73 runs a r e  presented i n  Table 9 and Fig.  22 through 30. 

Since the  hydrogen w a s  known t o  be contaminated, all 

. 
The r e s u l t s  of i gn i t i on  l a g  measurements (defined a s  the  time l a g  between 

the a r r i v a l  t i m e  of the second propel lan t ,  oxygen, a t  the f r o n t  face  of 

the c a t a l y s t  bed and the  f i r s t  i nd ica t ion  of i gn i t i on )  a r e  presented i n  
Table 9. This l a g  time, of course, includes the  pneumatic f i l l  time 

f o r  the r eac to r ,  as wel l  as the therma.1 l a g  assoc ia ted  with the  system. 
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In this phase of the program, it was established that the apparent igni- 
tion lag is consistently of the order of 20 milliseconds when measured 
by pressure transducers, and 20 to 40 milliseconds when measured by 
thermocouples. 
to heat the catalyst bed sufficiently to induce movement of the oscil- 
lograph pen is approximately 20 milliseconds under typical flow condi- 
tions. 
was calculated as thermocouple lag. The sum total of these lags is 22 
milliseconds when the combined 02/% flowrate to the reactor is on the 
order of 0.04 lb/sec, 
response lag increases proportionally. 
thermal lag,when compared to the measured apparent ignition lag, indi- 
cate that the catalytic reaction of the 02/% combination, even at the 
reduced temperatures of these tests, occurs with less than a 1- 
millisecond lag. 

Further calculations indicate that the time necessary 

An additional thermal response delay of nearly 2 milliseconds 

A s  propellant flowrate is reduced, the thermal 

These calculated values for 

Figures 22 through 26 present curves depicting the rate of approach of 
the reacting system to a steady-state condition. Figure 22 presents 
data for typical pressure response rate curves f o r  the Engelhard MFSA 

catalyst. The curve numbers correspond to test run numbers in Table 9 .  
Run No. 1 is typical of a system having an ignition lag of 20 milli- 
seconds and a chamber pressure spike and flashback. Flashback is 
defined as the propagation of the flame front out of the catalyst bed 
back to the point of propellant impingement. Curve 12, in contrast, is 
representative of a system undergoing a chamber pressure spike without 
flashback. The rate of approach to steady state is seen to be markedly 
different f o r  these two runs, in spite of the fact that the propellant 
flowrate was higher for Run No. 12 than for Run No. 1. This seeming 
anomaly results from the fact that ignition conditions were grossly dif- 
ferent for the two runs. Following Run No. 1, the reactor was disassem- 
bled and inspected to establish the cause of flashback. The up-stream 
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c a t a l y s t  r e t a i n e r  screen was s l i g h t l y  burned ( c a t a l y s t  apparent ly  not  

damaged), ind ica t ing  nonhomogeneous mixing i n  the  mixing zone, maintained 

a t  a constant length of 1 inch throughout a l l  of t he  runs with gaseous 

propel lan ts .  Fur ther  inves t iga t ion  revealed t h a t  the  hydrogen flow was  

p a r t i a l l y  obstruct ing i n  two i n j e c t o r  po r t s  due t o  an unknown source of 

fore ign  material. 
d i z e r  s t reak .  

back t o  the  point  of propellant impingement (flashback),  r e su l t i ng  i n  a 
high chamber pressure spike.  Run No. 12, i n  con t r a s t ,  apparent ly  had a 
homogeneously mixed propellant combination upstream of the cakelyat bed, 

and d id  not f l a s h  back. It was observed, however, t h a t  the  propel lant  

combination appeared t o  ign i te  outs ide the  r eac to r  (downstream of the  

nozzle) and t o  propagate back in to  the chamber, r e s u l t i n g  i n  a high 

chamber pressure spike.  

the  c a t a l y s t  bed w a s  par t ia l  c a t a l y s t  surface occlusion by i ce  formed 

from moisture (humidity) condensed on the c a t a l y s t  during the  environ- 

mental cooling cycle.  This accounts f o r  the  f a c t  t h a t  t h e  rate of 

approach t o  steady s t a t e  i s  s i g n i f i c a n t l y  f a s t e r  f o r  Run No. 1 than f o r  

Run No. 12, i n  s p i t e  of t he  f a c t  t h a t  t he  propel lan t  f lowrate  f o r  Run 

No. 1 is less than two-thirds of t h a t  f o r  Run No. 12. The remaining 

curves, 6, 16, and 19, are representat ive 

and i l l u s t r a t e  t he  e f f e c t  of propel lan t  f lowrate  on the  rate of approach 

t o  steady-state condi t ions.  It is observed t h a t  t h e  rate of approach t o  

s teady state increases  with increasing f lowrate. 

The r e su l t  was a r e l a t i v e l y  high-mixture-ratio oxi- 

This provided a l i k e l y  path f o r  flame f r o n t  propagation 

The l i k e l y  cause of t he  f a i l u r e  t o  i g n i t e  w i th in  

of normal r eac t ion  condi t ions,  

Figure 23 presents  similar data f o r  t h e  MFSA c a t a l y s t  i n  terms of t he  

rate of approach of chamber temperature t o  s teady  s ta te .  It is  noted 

i n  Run No. 1 t h a t  temperature spikes  are a l s o  seen with chamber pressure 

spikes ,  though not  as severe.  The o ther  curves i l l u s t r a t e  t he  e f f e c t  of 
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propel lant  f lowrate on the  r a t e  of approach of chamber temperature t o  

s teady s t a t e .  

o r  temperature spikes ,  the r a t e  of approach t o  s teady s t a t e  is f a s t e r  

f o r  chamber temperature than f o r  chamber pressure.  

pated result ,  s ince the  02/% reac t ion  is known t o  proceed very rap id ly .  

The pressure buildup i s  a pneumatic e f f e c t ,  and would be expected t o  

reach equilibrium slower than  temperature, which is a funct ion of reac- 

t i o n  and ca ta lys t  bed mass (however, when a pressure and temperature 

spike occur causing flashback, as i n  Run No. 1, the  chamber pressure 

reaches equilibrium more r ap id ly  than chamber temperature).  Figures 24 

and 25 present similar r e s u l t s  f o r  t he  MFSS c a t a l y s t .  Curve 1, as does 

Curve 12 in Fig.  22, presents  da ta  f o r  a condition wherein the  reac t ion  

system undergoes a chamber pressure spike.  It appeared t h a t  no f lash-  

back occurred i n  t h i s  run, and the  rate of approach t o  s teady s ta te  i s  

qui te  slow a f t e r  the  pressure spike.  

exhibi ted a tendency t o  spike,  but ign i ted  s t ab ly .  

a r e  typ ica l  of normal operation. 

It is  a l s o  seen t h a t ,  f o r  normal reac t ion  without pressure 

This i s  an a n t i c i -  

Curve 23 represents  a system t h a t  

The remaining curves 

Figure 25 is i l l u s t r a t i v e  of the  e f f e c t s  of f lowrate  on the  r a t e  of 

approach t o  s teady-state  chamber temperature f o r  the  MFSS c a t a l y s t .  

is in t e re s t ing  t h a t  chamber temperature did not  exh ib i t  a spike as 

chamber pressure d id  i n  Run No. 1. Curve 7 i l l u s t r a t e s  a system t h a t  

showed an unusually long ign i t ion  lag ,  bu t  which propagated uniformly 

once ign i t ion  occurred. Curve 11, i n ’ c o n t r a s t ,  i s  representa t ive  of a 
system having a normal ign i t i on  l ag ,  bu t  which shows a tendency t o  

quench and not  propagate uniformly. 

quench, but f i n a l l y  became sustained and propagated a t  an acce lera ted  

r a t e ,  as indicated by  t h e  s t eep  slope of the  curve. 

It 

This p a r t i c u l a r  system d id  not  
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Figure 26 presents typical data for a successful run with the Engelhard 
DSS catalyst. 
this catalyst at the reduced (-250 F) environmental temperature, as is 
the rate of approach to steady state. Chamber pressure also is shown 
to increase at a slower rate, consistent with the lower rate for tem- 
perature buiidup. 

Chamber temperature response was grossly delayed with 

The information presented in Fig. 27 through 30 illustrates a correlation 
between a function of propellant catalytic reaction rate and residence 
time within the catalyst chamber. In considering these correlations, 
certain considerations must be made. -om a continuity standpoint, the 
time spent (residence time) by the propellant in the catalyst bed is 
equal to the volume of the catalyst bed divided by the volumetric rate 
of propellant flow. 

geometry, and constant rate of propellant flow, this relationship may 
be stated in terms of weight. 
to the ratio of catalyst weight to propellant weight rate of flow. 
the processing industries, this ratio is referred to as reciprocal 
"weight hourly space velocity," or other units of time. 
ticular application, the residence time is equal to pounds of catalyst/ 
lb/sec propellant, and has the dimensions of seconds. 
increases (propellant flowrate decreases, or catalyst weight is increased), 
the relative density of active catalyst sites to reactant materials 
increases, and the reaction is seen to approach completion more rapidly. 
However, since the oxygen/hydrogen reaction proceeds very rapidly , the 
approach to completion is almost instantaneous. Consequently, the 
limiting step in the approach to steady-state conditions is the rate 
at which propellant is supplied to the chamber. 
through 31 could have been prepared with propellant flowrate (catalyst 
mass was held constant in all runs) plotted as the abscissa. However, 

For a constant density catalyst, fixed catalyst bed 

Therefore, residence time can be equated 
In 

In this par- 

As residence time 

On this basis, Fig. 28 

. -  
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t o  provide a general ized co r re l a t ion ,  t h e  f igu res  were prepared as shown. 

It i s  seen from these f igu res  t h a t  t he  rate of approach t o  equi l ibr ium 

condi t ions,  a s  measured both by chamber pressure and temperature t r a n s i -  

e n t s ,  i s  a smooth funct ion of propel lant  f lowrate  through the  constant 

volume ca t a lys t  bed. 

The information presented i n  Fig.  27 through 30 should not be scaled t o  

l a rge r  engine systems without due caut ion.  The da ta  shown a r e  thought 

t o  be scalable  upward over a l imi ted  t h r u s t  range (perhaps as high as 

l O : l ) ,  and should not  be scaled down d i r e c t l y .  Smaller engine diameters 

r e s u l t  i n  excessive "wall e f f e c t "  and channeling of reac tan t  through the 

c a t a l y s t  bed. The r e s u l t  i s  incomplete combustion r e s u l t i n g  from inade- 

quate contact between c a t a l y s t  and r eac t an t .  

On the  basis of the r e s u l t s  of c a t a l y s t  screening t e s t s  conducted with 

the  Engelhard ME'SA, MFSS, and DSS c a t a l y s t s ,  and with t h e  Houdry A-POOSR 
c a t a l y s t ,  it was concluded t h a t  only the Engelhard MFSA and MFSS cata- 
l y s t s  offered promise of promoting the  l i q u i d  oxygen/liquid hydrogen 

reac t ion .  Consequently, only these  c a t a l y s t s  were considered f o r  fu r -  

t h e r  s tudy with l i qu id  propel lan ts  a t  l i q u i d  hydrogen environmental 

temperatures. 
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LIQUID OXYGEN/LIQUID HYDROGEN 
IGNITION INVESTIGATIONS 

Apparatus and Procedures 

m r -  A m i s  - phase of t he  study was conducted with s t a i n l e s s  s t e e l  hardware, 

patterned l a rge ly  a f t e r  t h e  react ion hardware used i n  the  previous phase. 

The reac tor  consisted primarily of a spool-like c a t a l y s t  chamber as shown 
i n  F ig .  9 .  A nozzle adapter was at tached t o  t h i s  chamber and threaded 

t o  accept nozzle i n s e r t s  w i t h  t h r o a t  a reas  appropriate t o  the  s p e c i f i c  

object ives  of the run. 

bled view of the  reac tor  and in j ec to r  i s  shown schematically i n  Fig.  4. 
Catalyst  was loaded in to  the reactor  as described e a r l i e r .  

A 4-on-1 i n j e c t o r  was used as before.  An assem- 

The 3-inch-diameter reac tor  d i f f e r s  from the  1-inch-diameter r eac to r  i n  

a number of respects  (Fig. 2, and Fig.  4 through 10).  

d i f fe rence ,  however, r e l a t e s  t o  hydraulic s c a l a b i l i t y  aspects  of the  two 

reac tors .  The 1-inch-diameter reac tor  is marginally subject  t o  d e t r i -  

mental i n t e rac t ions  of t h i r d  bodies (wal ls)  which quench the reac t ion  by 

removal of ac t ive  species  from the  r eac t an t s ,  a s  shown i n  Eq. 19 through 

21 of Appendix A. 

"channeling," i n  which the hydrogen and oxygen may pass through the  cata-  

lyst bed wi thout  contacting the ca t a lys t .  In general ,  channeling does 

not  appreciably a f f ec t  a ca t a ly t i c  reac t ion  provided the  r a t i o  of reac tor  

diameter t o  ca t a lys t  p e l l e t  diameter is  grea te r  than 8:l. Since 1/8-inch- 

diameter ca t a lys t  p e l l e t s  were used i n  the  e a r l i e r  s tud ie s ,  channeling m y  

have occurred. To avoid t h i s  p o s s i b i l i t y  i n  the  s tud ie s  w i t h  l iquid-  

phase reac tan ts ,  a 3-inch reactor  w a s  selected.  In t h i s  reac tor ,  t he  

w a l l  surface area/volume ratio was decreased by a f a c t o r  o f  th ree  re la -  

t i v e  t o  the 1-inch-diameter reactor ,  thereby reducing w a l l  e f f e c t s .  

The fundamental 

Similar ly ,  the  1-inch reac tor  is subject  t o  reac tan t  
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Increasing the  r eac to r  diameter t o  3 inches a l s o  v i r t u a l l y  eliminated 

the  e f f e c t s  of reac tan t  channeling, s ince  the  r a t i o  of r eac to r  diameter/ 

c a t a l y s t  pe l l e t  diameter was increased t o  36:1, w e l l  above the  marginal 

l eve l  of 8 : l .  

On t h i s  bas i s ,  t he  r e s u l t s  from s tud ie s  with t h e  3-inch-diameter r eac to r  

a r e  thought t o  be sca lab le ,  whereas those obtained with the  1-inch 

reac tor  may not be.  

During t h i s  inves t iga t ion ,  it was found not f eas ib l e  t o  p r e c h i l l  the  

reac tor  and ca t a lys t  bed by l i qu id  hydrogen flow through the  annulus 

surrounding the  ca t a lys t  chamber. The s p e c i f i c  problem was associated 

w i t h  t h e  heat leakage t o  the r eac to r  outs ide wal l ,  which was i n  excess 

of t he  heat-absorbing a b i l i t y  of the  ava i lab le  l i qu id  hydrogen coolant 

flow. 

faces  w a s  observed. Consequently, it was decided t o  c h i l l  the  ca t a lys t  

bed t o  l iquid hydrogen temperatures by passing l i qu id  hydrogen d i r e c t l y  

through the c a t a l y s t  during the  chilldown cycle p r i o r  t o  the  t e s t  runs.  

It was establ ished t h a t  t h i s  procedure was e n t i r e l y  adequate, and t h a t  

the c h i l l  time was only a few seconds, depending upon the  c l imat ic  con- 

d i t i o n s  prevail ing a t  the t i m e  of t he  experiment. This represented the  

only departure from the procedure o r i g i n a l l y  planned. 

In  addi t ion,  leakage of hydrogen from the  annulus past  t he  gasket 

While evaluating the a b i l i t y  of the  MFSS and MFSA catalysts t o  promote 

the l iqu id  oxygen/liquid hydrogen reac t ion ,  considerable d i f f i c u l t y  w a s  

experienced i n  accurately metering the  l i qu id  hydrogen. Turbine meters 

proved capable of metering the  volume of flow, but t he  accurate  determi- 

nat ion of l iqu id  temperature, and therefore  of l i qu id  dens i ty  was 

extremely d i f f i c u l t  . 
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Platinum res i s tance  thermometers were considered, but  were unavailable 

when needed and, i n  addi t ion,  represented a cos t  item not covered by 

the cont rac t .  The gold-cobalt system, previously described, was con- 

s idered the  bes t  a l t e r n a t e  and provided reasonably accurate  r e s u l t s .  

The second problem associated w i t h  metering a constant f l o w  of l i qu id  

hydrogen t o  the  i n j e c t o r  was t h a t  of maintaining constant l i qu id  hydrogen 

temperature i n  the  d e l i v e r y  l i n e .  

l i qu id  flowrate diminished in a manner cons is ten t  with the decrease i n  

dr iv ing  pressure drop across the  i n j e c t o r .  This  reduction in  flowrate 

resu l ted  i n  an increase i n  heat leak t o  the l i qu id  hydrogen w i t h  a 

r e su l t an t  warming of t he  l iquid f u e l .  

decrease i n  f u e l  f lowrate throughout t he  course of t he  run. As a r e s u l t ,  

the  run durat ions were held t o  nominally 2 seconds following introduct ion 

of the l i qu id  oxygen. 

As chamber pressure b u i l t  up, t he  

The r e s u l t  was a progressive 

R e s u l t s  

The evaluat ion of the  ca t a ly t i c  i g n i t i o n  c h a r a c t e r i s t i c s  of the  oxygen/ 

hydrogen system a t  l i qu id  hydrogen environmental conditions began as a 

study qu i t e  similar t o  t h a t  conducted a t  -250 F w i t h  gaseous propel lan ts .  

The object ive i n  these analyses was the  co r re l a t ion  of the e f f e c t s  of 

reac tan t  f lowrate and mixture r a t i o  on such c h a r a c t e r i s t i c s  a s  i g n i t i o n  

delay, a s  measured i n  the manner described e a r l i e r  f o r  the  1-inch- 

diameter hardware s tud ie s ,  and ca ta lys t - re igni t ion  capabi l i ty .  However, 

problems of high chamber pressure spiking and flashback were encountered. 

These problems were qui te  severe and the  experimental r e s u l t s  obtained 

were such t h a t  no correlat ions were possibie  . Consequently, e f f o r t  
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was directed toward minimizing the pressure spikes, or eliminating them 

if possible. 

Flashback effects are determined by the presence of extensive catalyst 
damage by burning. 
agation of the flame front back through the catalyst bed toward the 
injector face along an oxygen-rich streak or zone. 
result in a high-temperature streak with corresponding streaky burning 
of the catalyst bed. 

Flashback is usually considered to result from prop- 

This would generally 

A total of 98 experimental runs were conducted in this phase of the 
program; however, a number of the runs resulted in unstable ignition, 
and are not discussed in detail. General comments on these runs are 
as indicated in Table 10. 

The first group of runs 

with the liquid propellant system was unsuccessful from a controlled- 
ignition point of view. 
catalyst bed on a number of tests, and excessive chamber temperatures, 
caused by low hydrogen flowrates, burned out the catalyst bed in 
others. In almost every case, however, ignition did occur, indicating 
the feasibility of liquid propellant ignition. 

(1 through 22, as shown in Table 10) attempted 

High chamber pressure spikes blew out the 

Following the initial runs ( 1 through 15), modifications were made 
in the internal reactor geometry to provide for lower pressure drop 
through the catalyst bed. Specifically, the catalyst bed retainer plates 
were replaced with plates and/or screens having a greater fraction of 
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open area. 
chamber pressure sp ikes ,  and made possible  the  r e t en t ion  of a catalyst 

bed in  the  chamber during a l l  b u t  one of the  succeeding runs. 
t u r n ,  permitted later demonstration of c a t a l y s t  r e ign i t ion  capab i l i t y .  

This r e su l t ed  in  a l a rge  decrease i n  t h e  magnitude of the  

This,  i n  

...- 
'me t e s t  system, as rev ised ,  w a s  s t i l l  l a rge ly  unsa t i s f ac to ry  because of 

t h e  pressure spikes  generated during each tes t .  
were d i r ec t ed  toward diminishing the  ex ten t  of t h e  spike and, hopeful ly ,  

e l imina t ing  it. I n  reviewing the  da t a  previously obtained (runs 13, 19, 
and 2 3 ) ,  it was observed t h a t  increased propel lant  f lowrate  r e su l t ed  i n  

a decreased pressum spike and thereby allowed f o r  moderately s t ab le  

runs.  In  general ,  it was  observed t h a t ,  a t  propel lant  f lowrates  of 

approximately 0.30 Ib/sec and higher ,  t h e  chamber pressure spike was  

reduced t o  a to l e rab le  l eve l  and, i n  some cases,  completely eliminated. 

The f i n a l  runs (25 through 38) were conducted a t  o r  near t h i s  nominal 

f lowrate .  

i n  Fig.  31  and 32. 

Consequently, e f f o r t s  

Pressure t r ans i en t s  t y p i c a l  of t he  tests conducted are shown 

(These curves are p l o t s  of the  osc i l lographio  da t a . )  

Runs 25 through 38, and 94 through 38 are worthy of spec ia l  comnent. 

Runs 25, and 34 through 36 were made with a s ing le  sample of Engelhard 

MFSA c a t a l y s t ,  and demonstrate t h e  r e ign i t ion  c a p a b i l i t y  of t h i s  c a t a l y s t  

i n  l i qu id  oxygen/liquid hydrogen serv ice .  Run 25 w a s  conducted a t  a mix- 

t u r e  r a t i o  of 1.15 o/f , and resu l ted  i n  a chamber pressure spike and 

chamber thermocouple burnout. The ca t a lys t  bed d id  not appear t o  be 

damaged, however, and was reused i n  runs 34 through 36. 
35 re su l t ed  i n  smooth, s t a b l e  ign i t i on  with uniform propagation t o  a 

steady-state condition as shown i n  F ig .  31. 
i ted a tendency toward spiking, though n o t  as severe as many previous 

runs.  

t he  reac tor .  

Both runs 34 and 

Run No. 36, however, exhib- 

The c a t a l y s t  from run 36 appeared undamaged when withdrawn from 
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No precise  explanation of the  cause of spiking i n  runs 25 and 36 is 

given; however, it is  believed t h a t  propel lant  accumulation i n  the  mixing 

zone during the period of i gn i t i on  l a g  may have r e su l t ed  i n  a chamber 

pressure spike i n  run 25. 

could have been the  r e s u l t  of inadequate ca t a lys t  reduction p r i o r  t o  use.  

A similar occurrence might have caused t h e  spike observed i n  run 36; 
however, the reason f o r  t he  ign i t i on  de lay  w a s  not t he  same. 

explanation f o r  t h e  occurrence of a chamber pressure spike i n  ru.n 36 i s  

the  f a c t  t ha t  t he  propel lant  f lowrate i n  t h i s  run is a t  a marginal l eve l  

below which chamber pressure spikes invar iab ly  occurred. Although run 

35 
l iqu id  hydrogen mass f lowrate  i s  extremely d i f f i c u l t  t o  determine, and 

the steady-state chamber pressure measured i n  t h i s  run tends t o  ind ica te  

t h a t  t h e  flowrate i n  run 35 may have been higher than t h a t  f o r  e i t h e r  

run 34 o r  36. 
f o r  run 36 is bel ieved t o  be marginally adequate f o r  s t a b l e  ign i t i on .  

This opinion is discussed i n  more d e t a i l  i n  a succeeding paragraph. 

The cause of the long ign i t ion  de lay  (140 m s )  

A possible  

appears t o  r e f u t e  t h i s  statement,  it should be remembered t h a t  

In  any event,  the  f lowrate  of approximately 0.28 lb/sec 

The re igni t ion  capab i l i t y  of t he  MESS c a t a l y s t  i n  l i qu id  oxygen/liquid 

hydrogen service is  demonstrated by the  r e s u l t s  of runs a6 through 28 

(Fig. 32). 
hard MFSS ca ta lys t ,  i n  the same manner as the  runs with the  MFSA c a t a l y s t .  

The f i r s t  two runs,  26 and 27, were conducted with r e l a t i v e l y  high mix- 

t u r e  r a t i o s  (1.2 o/f) and r e su l t ed  i n  thermocouple burnout. 

run of t he  s e r i e s  was conducted a t  a moderate mixture r a t i o  (1.0 o/f) 

and resu l ted  i n  a chamber pressure spike of 532 ps ig .  

t h a t  the  reduced mixture r a t i o  contr ibuted t o  chamber pressure spiking. 

It is  indicated by the  r e s u l t s  of measurements of pressure drop through 

the ca ta lys t  bed t h a t  ca t a lys t  damage may have r e su l t ed  from the  high 

These runs were a l l  conducted with a s ing le  sample of Engel- 

The f i n a l  

It i s  not  implied 
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<- 

temperatures experienced i n  runs 26 and 27, and caused t h e  i g n i t i o n  

de lay  which, when accompanied by excessive propel lant  accumulation i n  

the  mixing zone, r e su l t ed  i n  a chamber pressure spike i n  run 28. 

The r e s u l t s  presented as runs 37 and 38 were obtained with t h e  Engelhard 

DSS catalyst, and demonstrate t h e  i n a b i l i t y  of t h i s  c a t a i y s t  t o  promote 

the  liquid-phase r eac t ion  of hydrogen and oxygen. 

I n  summary, the  resul ts  of t h i s  phase c l e a r l y  demonstrate t h e  f e a s i b i l i t y  

of  the  c a t a l y t i c  i gn i t i on  concept f o r  the  i g n i t i o n  of l i q u i d  oxygen/ 

l i q u i d  hydrogen propel lants .  

In t e rp re t a t ion  of Pressure Spiking 

The high chamber pressure spiking r e s u l t s  are thought t o  occur because 

of a higher mass dens i ty  accumulation i n  t h e  premix zone, which is 

igni ted  with a propagating flashback combustion wave from the  c a t a l y s t  

bed. 

peratures  than they  would be a t  -250 F because of the  higher mass densi-  

t i e s .  

only about 0.0046 t h a t  of the accumulated mass a t  l i qu id  hydrogen condi- 

t i o n s ,  and, t he re fo re ,  the  p o s s i b i l i t y  of sp ik ing  a t  -250 F would be 

considerably less than under l i q u i d  hydrogen condi t ions.  

The spiking r e s u l t s  are more observable a t  l i q u i d  hydrogen tem- 

The a f f ec t ed  accumulated mass in  the  premix zone a t  -250 F i s  

In evaluat ing t h e  da ta  obtained i n  runs 26 through 28, and i n  runs 25, 
and 34 through 36, it w a s  apparent t h a t  operat ion a t  higher f lowra tes  

tended t o  ameliorate  t he  chamber pressure spiking problem and, i n  some 
instances ,  t o  e l iminate  it completely. 

l i s h  a t h e o r e t i c a l  b a s i s  f o r  t h i s  phenomenon. 

An e f f o r t  was i n i t i a t e d  t o  estab- 

The l i n e a r  v e l o c i t y  of 
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t he  combined r eac t an t s  i n  the  zone upstream of the  c a t a l y s t  bed f o r  a 

mass flowrate of 0 .3  lb/sec was computed t o  be approximately 5.0 f t / sec .  

Consequently, it w a s  considered t h a t ,  t o  avoid chamber pressure spiking,  

t he  r a t e  of propel lant  flame propagation must not exceed 5 . 0  f t / sec .  

Information presented i n  Ref .  8 indicated t h a t  t he  flame speed f o r  

s toichiometr ic  mixtures of oxygen and hydrogen i n  the presence of vari- 

ous d i luen t s  such as argon, ni t rogen,  o r  helium may be as l o w  as 2.25 f t /  

sec .  

the  reactants  may be considered as a s toichiometr ic  mixture of oxygen and 

hydrogen d i lu ted  with 87.5 volume-percent hydrogen. With t h i s  as a 

b a s i s ,  f lame-speed ca lcu la t ions  were made by severa l  d i f f e r e n t  ava i lab le  

a n a l y t i c a l  techniques which indicated t h a t ,  a t  60 R and 200 ps ia ,  the  

laminar flame speed is  between 3 and 5 f t / sec .  Turbulence may increase 

the  flame speed considerably. These r e s u l t s  ind ica te  t h a t ,  t o  e l imi-  

na te  the tendency toward upstream propagation of the  flame f r o n t  from 

the  ca ta lys t  bed and the  accompanying chamber pressure spike,  the  reac- 

t a n t  mass flowrate must be i n  excess o f ,  nominally, 0.28 t o  0.3 lb/sec 

and perhaps higher,  f o r  t h i s  r eac to r  geometry. For t h i s  reason, a flow- 

rate of approximately 0 . 3  lb/sec is  considered a threshold value f o r  

s a t i s f a c t o r y  ign i t i on  of l i qu id  oxygen/liquid hydrogen propel lan ts  i n  a 

3-inch-diameter r eac to r .  

For  the p a r t i c u l a r  mixture r a t i o  used i n  t h i s  program (- 1.0 o/f) ,  

For the  design of o ther  r eac to r s ,  considerat ion must be given t o  the  

l i n e a r  throughput v e l o c i t i e s  i n  t h e  premix zone and t h e i r  comparison t o  

propagating flame v e l o c i t i e s .  
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CONCLUSIONS 

On the basis of the results presented, the following conclusions are made: 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

The catalytic ignition concept represents an entirely feasible 
ignition system for liquid oxygen/liquid hydrogen propellant 
combinations. 

Both the commercially available Engelhard MFSS and MFSA catalysts 
are capable of catalytically igniting the liquid oxygen/liquid 
hydrogen propellant combination. 

The Shell 8240-128 formulation and the Davison SMR 55-1097-1 
formulation offer potential as ignition catalysts for liquid 
orygen/liquid hydrogen propellants. 

None of the other catalysts evaluated in this program appear 
capable of igniting this liquid propellant combination. 

Catalytic activity appears to be largely a function of catalyst 
surface area and noble metal content, as well as-manner of 
catalyst preparation. 

Ignition lag, as measured in the hardware and by the methods 

described in this report, is of the order of 20 milliseconds 

for gaseous propellants and 35 milliseconds for liquid 
propellants. 

The liquid hydrogen/liquid oxygen operating condition imposes 

minimum flowrate design operating conditions for a given 
reactor volume. The minimum flowrate is determined from a 
consideration of flame velocities for the premix of %/Or. 

The throughput velocity must be in excess of the flame velocity. 
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,--. 

CONCLUDING REMARKS 

The results of this study, obtained with a single basic igniter configura- 

tion and only currently available commercial catalyst types, show the 
cafelyfic ignition concept as having great potential in liquid oxygen/ 

liquid hydrogen engine systems. Since only one basic engine configura- 
tion and only a limited number of catalysts were used in this study, it 
is likely that these results do not represent an optimum. For this 
reason, other configurations in both engine and catalyst, should be 
studied in future applied research programs to increase the flexibility 
and range of application of the catalytic ignition concept. 
various other catalyst metals should be considered. 

In addition, 

The most severe limitation exhibited by the catalytic ignition concept 
is that of the maximum allowable catalyst bed temperature. Before the 
full potential of the catalytic concept can be realized, this limitation 
must either be eliminated or circumvented. 
the limitation is to modify the propellant injection system to enable 
injection of supplemental oxygen downstream of the catalyst bed. 

an arrangement would provide for combustion chamber temperatures in 

excess of 1500 F, but for the most part, would not require catalyst bed 
temperatures in excess of 1000 to 1200 F. 

One means of circumventing 

Such 

A future’technique which: may eliminate the problem of the temperature 

limitation would be the development of more highly temperature-resistant 

catalyst substrates, such as thoria or some ceramic. 
to the specific problem at hand, however, presents many difficulties 
and is not considered to offer any distinct possibility in the near 
future. Strong recommendation is given, however, to consideration of a 

Such an approach 

Preceding page blank 
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high noble-metal content catalyst formulation, such as the MFSA blend, 
impregnated on a silica gel substrate. 
formulation can be blended with the highest surface area substrate. 

In this manner, the most active 

In addition to noble metal-type catalysts, consideration should be given 
to the possible use of metal oxide catalysts, specifically such oxides 
as those of cobalt, iron, and nickel. The noble metals are known t o  

suffer loss of activity on oxidation, the noble metal oxide representing 
an inactive state. The oxides of such metals as cobalt, iron, or nickel 
are considered to be active for promotion of the oxygen/hydrogen reaction, 
however, and would not be subject to loss in activity with oxidation. 
These catalysts would, of course, have greatest application in systems 
operating with mixture ratios greater than stoichiometric. 
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APPENDIX A 

THEORY OF CATALYSIS 

INTRODUCTION 

The word "catalysis" (Greek: 

1835 following a review of a number of apparently diverse observations, 
including the work of Faraday with hydrogen and oxygen, which had a 
factor in common: 
enced by the presence of a substance that was itself unchanged in the 
process. 
manifest, and that certain reactions, including the combination of 
hydrogen and oxygen on platinum sponge, were brought about under the 
influence of this force. 
been discarded, but the term remains to describe all processes in which 
the rate of reaction is influenced by a substance that remains chemi- 
cally unaffected. Catalysts m y  hinder as well as enhance a reaction, 
but in general, the work is applied to substances that enhance the 
reaction. 

loosen) was first coined by Berzelius in 

in every case the nature of the reaction was influ- 

Berzelius was of the opinion that a "catalytic" force was 

The concept of the catalytic force has since 

The first catalysts consciously used were the ferments on enzymes 
reported in 1778. 
o f  the present-day alcoholic beverage industry. Since that time, and 
particularly during the period since 1940, the use of catalysts has 

become widespread in the oil and chemical industries. More recently, 
research has been initiated toward exploiting catalysts as reaction 
promotors and burning rate modifiers in the aerospace industry. 

This application was associated with the predecessor 

Preceding page blank 
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CRITERIA OF CATALYSTS 

Regardless of t,he physical  or chemical makeup of a cat ,a iyst ,  t-here a r e  

c e r t a i n  charac te r i s t* ics  cornon t o  a l l  c a t a l y t i c  materia I s .  In  general ,  

these cha rac t e r i s t i c s  may be s t a t e d  b r i e f l y  a s  follows I 

1 .  The ca t ,a lys t  is unchanged chemically a t  the end of a reac t ion .  

2. A small amount of c a t a l y s t  is o f t en  suf f ic ien t ,  t o  cause a 

considerable reac t ion .  

The c a t a l y s t  does not a f f e c t  the  pos i t ion  of equilibrium i n  

a revers ible  reac t ion .  
3 .  

While the ca ta lys t  is chemically unal tered a t  t h e  end of a reac t ion ,  i t  

may undergo a physical  change (e.g. , from la rge  c r y s t a l s  t o  f i n e  powder). 

Because the  c a t a l y s t  o f ten  undergoes a physical  a l t e r a t i o n ,  it i s  evi-  

den t ly  involved d i r e c t l y  i n  the mechanism of t h e  reac t ion ,  being regen- 

e ra t ed  i n  a somewhat d i f f e r e n t  form a t  t he  end. 

Since the ca ta lys t  i s  not consumed i n  the course of a chemical r eac t ion ,  

a small amount w i l l  o f ten  induce large q u a n t i t i e s  of mater ia l  t o  r eac t .  

In general however, the r a t e  of a chemical' reac t ion  is proport ional  t o  

the concentration of the c a t a l y s t .  This i s  l a rge ly  a matter of s t a t i s -  

t i c s ,  s ince  the p robab i l i t y  of a reaction-producing c o l l i s i o n  on a c a t a -  

l y t i c  surface increases  with the amount of c a t a l y t i c  surface presented. 

Furthermore, s ince  the c a t a l y s t  is unchanged chemically at the  end of a reac- 

t i o n ,  it cannot cont r ibu te  any energy to t h e  system. Therefore,  the  second 

l a w  of thermodynamics requires  that the  same pos i t i on  of equi l ibr ium should 

be a t t a i n e d  u l t imate ly  whether o r  not a c a t a l y s t  i s  used. On t h i s  
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bas i s ,  it i s  seen t h a t  f o r  a r eve r s ib l e  reac t ion ,  the  forward and reverse 

reac t ions  a r e  enhanced t o  the same degree. This f a c t  i s  only of inc i -  

denta l  i n t e r e s t  i n  t h e  present program, however, because of the  extreme 

d i s p a r i t y  between the  r a t e s  of the  forward and reverse reac t ions  

(2 % + 0 , s  2 H20). I n  t h i s  ins tance ,  the  pos i t i on  of equi l ibr ium is 

sh i f t ed  so f a r  t o  t h e  r igh t  tha t  the d i s soc ia t ion  of water t o  form hydro- 

gen and oxygen occurs a t  a negl ig ib le  r a t e  r e l a t i v e  t o  the  forward 

reac t ion  of and 0 t o  form water. % 2 

In  considering the  t h i r d  c r i t e r i o n  of c a t a l y s i s ,  it is i n t e r e s t i n g  t o  

consider  a hypothet ical  material  w h i c h .  is i n  v i o l a t i o n  of t h i s  t h i r d  

c r i t e r i o n .  

could be confined in  a cylinder f i t t e d  with a p i s ton .  The c a t a l y s t  

could be placed i n  a small receptacle  wi th in  the  cy l inder  i n  such a 

f a sh ion  t h a t  it could be a l t e r n a t e l y  exposed and covered. 

l ibr ium pos i t ion  were a l te red  by exposing the  c a t a l y s t ,  the  volume would 

change, t h e  p i s ton  would move up and down, and a perpetual-motion machine 

would be ava i lab le .  Such a machine is c l e a r l y  an  impossibi l i ty .  

A gas reac t ion  system t h a t  proceeds with a change i n  volume 

If  the  equi- 

REACTION PROMOTION BY CATALYSTS 

The a b i l i t y  of a c a t a l y s t  t o  promote a r eac t ion  is a well-documented 

phenomenon, and one which has been exploi ted commercially f o r  many years .  

The quest ion of the a b i l i t y  of a c a t a l y s t  t o  i n i t i a t e  a reac t ion ,  how- 

eve r :  has been a point  of controversy f o r  many years ,  and it i s  doubtful 

that s u f f i c i e n t  evidence ex i s t s  t o  resolve the question. 

known f o r  which there  is no measurable r a t e  i n  the  absence of a c a t a l y s t ,  

but there  is always some doubt a s  t o  whether the  reac t ion  i s  occurring 

immeasurably slow. The combination of hydrogen and oxygen t o  form 

Reactions a r e  
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water is thought t o  be an example of t h i s  type of reac t ion .  

other  hand, t he re  a r e  r eac t ions  (e.g., mutarotat ion of glucose) which, 

i n  t.he absence of a c a t a l y s t ,  appear t o  have no mechanism by which t h e  

r eac t ion  can occur; hence, t h e  c a t a l y s t  is thought t o  aerve both func- 

t i o n s  of reaction in ' i t i a t ion  and promotion. This l a t t e r  argument does 

not  appear t o  be va l id ,  because f o r  any r eac t ion  tha t  can be w r i t t e n  

there  is some mechanism by  which it can occur, even i f  it involves the  

complete d issoc ia t ion  of t he  r eac t an t  and a reorganiza t ion  of t he  atoms. 

Such a process would involve a very high f r e e  energy of a c t i v a t i o n ,  and 

the react ion would the re fo re  take  place a t  a neg l ig ib l e  r a t e .  

b a s i s ,  the  c a t a l y s t  is a substance which lowers t h e  f r e e  energy of a c t i -  

va t ion  by allowing the  r eac t ion  t o  occur by an a l t e r n a t i v e  mechanism. 

On t h e  

On t h i s  

While a spec i f ic  answer t o  the  quest ion of t h e  a b i l i t y  of a c a t a l y s t  t o  

i n i t i a t e  a chemical r eac t ion  i s  not  a purpose of t h i s  r e p o r t ,  it appears 

on the  bas i s  of information ava i l ab le  (Ref  .A-1) t h a t  i n  t h e  case of t h e  

oxygen//hydrogen reac t ion ,  t h e  r eac t ion  is merely promoted by the  c a t a l y s t ,  

not i n i t i a t e d  . 

Mechanism of Ca ta lys i s  - 
To attempt t o  understand t h e  phenomenon of c a t a l y s i s ,  it is necessary 

t o  consider t h e  a c t u a l  mechanisms of heterogeneous c a t a l y t i c  reac t ions .  

These react ions can, i n  general ,  be broken down i n t o  f i v e  elementary 

J t eps  : 

1. Diffusion of t he  r eac t an t s  t o  t h e  sur face  

2. Adsorption of r eac t an t s  

3 .  
4. 
5 .  

Reaction wi th in  t h e  adsorbed layer 

Desorption of t h e  product8 of r e a c t i o n  

Diffusion of products away from t h e  sur face .  

4 
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Any of these  may be the  slowest s t e p  i n  the  r e a c t i o n  sequence and there-  

f o r e  may determine the  over-all  r eac t ion  ve loc i ty .  However, tthe design 

of r eac to r s  is normally such t h a t t h e  d i f fus ion  proc.ess takes  place 

r ap id ly  and s t eps  1 and 5 become r e l a t i v e l y  unimportant. 

t h a t  the  ca t a lys t  is very highly porous, d i f f u s i o n  t o  and from t.he 

int8erirrr surfaces may he such t h a t  the  r eac t ion  appears t o  be of a corn_- 

plex nature .  I n  genera l ,  however, d i f fus ion-cont ro l led  reac t ions  a r e  

r a r e ,  and a r e  genera l ly  observed i n  liquid-phase or  mixed-phase reac t ions  

involving very high molecular weight compounds (e .g. ~ c a t a l y t i c  hydrogen- 

a t i o n  of c e r t a i n  polycyclic organic compounds). 

e f f e c t  of temperature on reacti.on r a t e  w i l l  e s t a b l i s h  the  d i f fus ion-  

dependence of a reac t ion .  Diffusion is known t o  have a I'll2 temperature 

dependence, where chemical reac t ion  has a e ' dependence ._ Hence, 

only reac t ions  having a r e l a t i v e l y  s l i g h t  increase 1.n r eac t ion  r a t e  with 

temperature can be considered t o  be d i f fus ion  cont ro l led .  

I n  the event 

An observation of t he  

-1, 

Steps 2 and 4 a r e  general ly  more rapid than s t e p  3. 

often indis t inguishable  from s t e p  3, e i t h e r  because the mechanisms 

a c t u a l l y  a r e  i d e n t i c a l ,  o r  because the  reac t ion  product IS weakly 

adsorbed and is desorbed in the  a c t  of i t s  formation. A notable excep- 

tion t o  the  general r u l e  t ha t  s t eps  2 and 4 occur more rap id ly  than 

s t e p  3, is the  reac t ion  of hydrogen and n i t rogen  t o  form ammonia. 

In  t h i s  reac t ion ,  t he  r a t e  of adsorpt ion of n i t rogen  on the  c a t a l y t i c  

surface is  known (Eef .A-2)to be t h e  rate-determining s tep .  

i n  the  c a t a l y t i c  decomposition of ammonia over an i r o n  c a t a l y s t ,  the  

desorption of n i t rogen  from the  sur face  cont ro ls  t he  process.  

I n  f a c t ,  s t e p  4 is 

Simi la r ly ,  

Since s t e p  4 genera l ly  occurs extremely f a s t  o r  concurrently with s t e p  3, 
it is only r a r e l y  found t o  be r a t e  cont ro l l ing .  For t h i s  reason, s t eps  2 

and 3 a r e  of most i n t e r e s t  and w i l l  be discussed i n  d e t a i l .  
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Adsorption of Reactants  a t  t h e  Surface.  

brought into contac t ,  it is found t h a t  t he  concentrat ion of one phase 

is grea te r  a t  t h e  in t e r f ace  than  i n  i t s  bulk.  

l a t i o n  a t  the sur face  is  c a l l e d  "adsorption." Its occurrence is due t o  

the  atoms i n  any sur face  being sub jec t  t o  unbalanced fo rces  of a t t r a c t i o n ,  

a c t i n g  perpendicular t o  the  sur face  plane and therefore  possessing a 

c e r t a i n  unsaturat4on (unsa t i s f i ed  valency requirement). 

When two immiscible phases a r e  

This tendency f o r  accumu- 

Adsorption always occurs wi th  a decrease i n  sur face  f r e e  energy, AG, 
and a l s o  with a decrease i n  entropy,  AS, because by confining a mole- 

cule t o  a t h i n  sur face  l aye r ,  c e r t a i n  degrees of freedom a r e  l o s t .  

Hence, use of t h e  equat ion 

shows t h a t  A H  a l s o  decreases;  i . e . ,  adsorpt ion i s  always exothermic. 

An example is the  f a c t  t h a t  high-surface-area n i cke l  c a t a l y s t s  a r e  seen 

t o  be heated when subjected t o  an atmospheric environment by adsorpt ion 

of oxygen t o  the  point  of i g n i t i o n ,  and burn v io l en t ly .  

L 

Although the degree of unsa tura t ion  of sur faces  may vary  widely,  and 

probably continuously, t he re  a r e  only two types of adsorpt ion:  physical  

and chemical. Physical adsorpt ion occurs when the  sur face  i s  i n e r t  i n  

t h e  sense t h a t  t he  valency requirements of t h e  substance a r e  s a t i s f i e d  

by bonding with adjacent  atoms, and t akes  place through fo rces  of physi- 

cal  a t t r a c t i o n ,  or  van d e r  Waals fo rces .  This type of adsorpt ion is  

s imi la r  t o  t he  condensation of a vapor on the  sur face  of i t s  own l iqu id .  

The second type of adsorpt ion,  *lchemisorption," may occur when t h e  sur- 

face  is highly unsaturated,  having valency requirements no t  f u l l y  s a t i s -  

f i e d  by bonding with nearhy atoms. I n  adsorpt ion,  such a sur face  w i l l  
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tend t o  form chemical bonds with t h e  adsorbed substance.  Therefore. an 

e s s e n t i a l  d i f fe rence  between chemical and physical adsorption is the 

f a c t  t h a t  e l ec t ron  t r a n s f e r  occurs between adsorbent and adsorbate i n  

chemisorption, but  not i n  physical adsorpt ion.  Otgher d i f fe rences  between 

physical  and chemical adsorption a r e  a s  fol lows-  

1. Heats of adsorption assoc ia ted  with chemisorption may be a s  

high a s  100 kcal/mole o r  higher ,  where hea ts  of physical  

adsorpt ion seldom exceed 5 kca l/mole. 

2.  Phgsica I adsorption genera l ly  occurs at. temperatures near o r  

below the  boi l ing tempera ture  of the adsorbate ,  while chemi- 

sorp t ion  may occur (but  not necessar i ly)  a t  temperatares f a r  

above t h e  bo i l ing  temperature. 

3. Chemisorption, being a chemical reac t ion ,  may requi re  an 

appreciable ac t iva t ion  energy, and therefore  wi l l  proceed a t  

a reasonable r a t e  only above a c e r t a i n  minimum t,emperature. 

This is not t o  say t h a t  t he  temperature is necessa r i ly  high, 

because many surfaces a r e  s o  unsaturat.ed tha t  chemisorpt,ion 

occurs a t  extremely low temperatures (Ref. A-3). 
adsorpt ion,  on t.he other hand, requi res  no a c t i v a t i o n  energy, 

and hence should occur qu i t e  rap id ly  a t  any temperature. 

4.  Physical adsorption occurs on a l l  sur faces  under the  cor rec t  

Physical 

conditions of temperature and pressure,  whereas chemisorption 

possesses a cer ta in  s p e c i f i c i t y .  

w i l l  occur only on an unsaturated surface f r e e  of Jurface 

c ontamina t ion. 

Chemisorption occurs only a s  a monomolecular layer ,  whereas 

physical  adsorption has no such l imi t a t ion .  

This is becaude chemisorption 

5 .  
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In considering the r e l a t i v e  importance of physical  and chemical adsorp- 

t.ion, it, can be s t a t e d  v i r t u a l l y  unequivocably tha t  no Cata ly t i c  reac- 

t i o n s  ever  occur on sur faces  where n e i t h e r  reac tan t  is chemisorbed. I n  

support of t h i s  view is t he  f a c t  t h a t  many c a t a l y t i c  r eac t ions  occur a t  

temperatures higher by f a r  than those a t  which physical adsorpt ion of 

t he  react.ants occur (e.g., c a t a l y t i c  dehydrogenation of hydrocarbons). 

Furthermore, even when a r eac t ion  occurs a t  temperatures i n  the  region 

where physical adsorpt ion might take place,  it has been shown t h a t  one 

o r  more of the r eac t an t s  undergoes chemisorption a t  the same temperature. 

A l s o ,  the  forces  involved i n  physical  adsorpt ion a r e  qu i t e  smell compared 

t o  the  heats  and a c t i v a t i o n  energies  of chemical reac t ions .  

bas i s ,  physical adsorpt ion would appear t o  p lay  no part i n  the  promotion 

of a c a t a l y t i c  react ion.  Physical adsorpt ion is ,  however, of i n t e r e s t  

i n  Ytudying t h e  fundamental nature  of c a t a l y t i c  surfaces .  As a r e s u l t  

of such s tudies ,  Lennard-Jones (Ref .A-4) has shown t h e o r e t i c a l l y ,  and 

experimental s tud ie s  have s ince  confirmed t h a t  a s o l i d  sur face  presents  

a per iodic  pot.ent.ia1 f i e l d  f o r  an  atom o r  molecule approaching the  sur-  

face .  Furthermore, an adsorbed atom a t  a metal surface w i l l  per turb  the 

per iodic  poten t ia l  f i e l d  (due t o  the  regular  l a t t i c e  of t h e  metal ions)  

in the  neighborhood of the  metal surface.  This leads  t o  a per turba t ion  

in the local energy l eve l  i n  t h e  metal sur face  next t o  the adsorbed atom, 

and an e lec t ron  i n  t h i s  l eve l ,  under favorable  condi t ions,  w i l l  ltexchangetl 

with that. i n  the adsorbed atom, leading t o  an e s s e n t i a l l y  homopolar bond. 

Taylor (Ref.A-5) has,  i n  s i m i l a r  fashion,  r e fe r r ed  t o  such po in t s  of mexi- 
mum poten t ia l  f i e l d  per turba t ion  a s  "act ive centers ."  

a r e  known t o  e x i s t  a t  l i n e s  of demarcation or  d i scon t inu i ty  on t h e  cata- 

l y s t  surfaces ,  and a r e  thought t o  represent  po in ts  of attachment f o r  

the "act ivated complex," (discussed i n  t h e  following sec t ion )  which 

On t h i s  

Active cen te r s  
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eventual ly  decomposes i n t o  reac t ion  products.  

of a chemical reac t ion  may be a func t ion  of t he  degree of c r y s t a l  defor-  

mation present i n  a ca t a lys t .  

t h a t  the  manner of c a t a l y t i c  surface preparat ion is very important t o  

highest  ca t a lys t  a c t i v i t y  and f u r t h e r  by  t h e  f a c t  t h a t  subjec t ing  a cata-  

l y s t  t n  t e m p r a t u r e s  near  the anneal ing temperature of t h e  c a t a l y t i c  

metal renders the  c a t a l y s t  v i r t u a l l y  inac t ive .  

On t h i s  b a s i s ,  t he  rake 

This hypothesis is support-ed by t.he f a c t  

Chemical Reaction a t  the Surface. Chemical r eac t ions  on the sur face  

of a c a t a l y s t  may occur by me or m r e  of a fimher of mechanisms; From 

a very general  point of view, however, t h e  r e a c t a n t ( s ) ,  once adsorbed 

on the  surface of the  ca t a lys t ,  undergo a combination t o  produce an 

"act ivated complex,'T or t r a n s i t i o n  s t a t e .  Marcelin Ref. A-6) f i r a t  

recognized the  exis tence of t he  ac t iva t ed  complex when he s t a t e d  t h a t  

"provided the  chemical process does not  d i s t u r b  the equi l ibr ium d i s t r i -  

but ion of t he  molecules, i n  phase space2 t h e  r a t e  of a process is given 

by the  r a t e  a t  which molecules c ross  a c r i t i c a l  surface i n  phase space." 

Thus, f o r  each process,  there is an  intermediate configurat ion s i t u a t e d  

near the highest  point  on t h e  most favorable  r eac t ion  path on the poten- 

t i a l  energy surface ( i . e . s  the path requi r ing  the  l e a s t  expenditure of 

energy). 

t h e  po ten t i a l  energy surface f o r  t he  r eac t ion  between a deuterium atom 

and a hydrogen molecule shows t he  D-H-H configurat ion (ac t iva ted  com- 

plex)  t o  l i e  i n  a saddle a t  t he  t o p  of t h e  po ten t i a l  energy peak, a s  

i l l u s t r a t e d  i n  F ig ,  A-1. In t h i s  ins tance ,  the  pos i t i on  of t he  ac t iva t ed  

complex does not represent  the minimum a c t i v a t i o n  energy necessary f o r  

react ion.  The ac t iva t ed  comglex D-H-H then requi res  add i t iona l  energy 

f o r  react ion.  

ac t iva ted  complex is converted i n t o  react ion.products .  

The word "near" i s  used advisedly,  because a considerat ion of 

S l a t e r  (Ref.A-7)has discussed the  manner i n  which the  

The mathematical 
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form of the resu l t s  of S l a t e r ' s  theory  is  not  very concise ,  and f o r  

this reason t he  reader  is  r e fe r r ed  t o  the  o r ig ina l  paper f o r  t h e  

de t a  i led the oret  ica  1 equa t i ons . 

The ac t iva ted  complex is s imi l a r  t o  a normal s t a b l e  molecule i n  every 

respec t  except one. 

degrees of freedom has been transformed i n t o  the  t r a n s l a t i o n  along t h e  

reac t ion  coordinate which r e s u l t s  i n  des t ruc t ion  of t he  complex. Where 

the  normal nonlinear molecule possesses 3n - 6 (n = number of atoms) 

normal modes of v ib ra t ion ,  t he  ac t iva t ed  complex has only 3n - 7. 
s p e c i f i c  e f f ec t  of the  t ransformation of a v ib ra t iona l  mode i n t o  a t rane-  

l a t i o n a l  mode is  t o  cause d i s in t eg ra t ion ,  s ince  upon t ransformation,  one 

of t he  bonds holding the  complex toge ther  becomes merely the  l i n e  of 

centers  between sepa ra t ing  fragments, 

plex d i s in t eg ra t e s  may be expressed a e  

The d i f fe rence  is t h a t  one of i t s  v ib ra t iona l  

The 

The frequency a t  which t h e  com- 

Since t h e  mode of decomposition is by hypothesis a thoroughly exci ted 

v ib ra t ion  a t  t he  temperature T ,  then E = kT, and 
- -  

- 
- 
kT v - -  - h  (3 )  

I n t u i t i v e l y ,  it is seen then t h a t  the  r a t e  of a chemical r eac t ion  occur- 

r i n g  on a c a t a l y t i c  sur face  i s  proport ional  t o  t h e  quan t i ty  k / h .  

By def in i t i on ,  t h e  func t ion  of a c a t a l y t i c  sur face  is t o  enhance the  

r a t e  of t he  des i red  reac t ion .  I n  t h i s  connection, a ca l cu la t ion  can 

r e a d i l y  be made by making c e r t a i n  simple aseumptions t o  show t he  r a t i o  
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of the  r a t e s  of reac t ion  of heterogeneous ( c a t a l y t i c )  t o  homogeneous 

reac t ions .  

and B, the  spec i f i c  r a t e  is given a3  (Ref. A-1). 

For a homogeneous (noncatalyzed) r eac t ion  between atoms A 

Ehomo 
RT 

- -  
(4 I 

khOU0 

# and Q where Q , QAj 
p lex  AB, A ,  and B, respect ively.  The p a r t i t i o n  funct ions of the  atoms 

a r e  made up of the t r ans l a t iona l  contr ibut ions only, so t h a t  

a r e  the p a r t i t i o n  funct ions f o r  the ac t iva t ed  com- B 

- ,3/2/T 
QA = [27rmA kTj /h' 

The p a r t i t i o n  func t ion  f o r  the ac t iva t ed  complex, however, is equal t o  

the  product of the  t r ans l a t iona l  and rotational cont r ibu t ions ,  

h5 

Theref ore f o r  the  homogeneous reac t ion ,  

where R and M a r e  the products of Avogadro!s number times 

r e s  pe c t ive 1 y . 
and 4 
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For the  heterogeneous process,  
.. Ehet - -  e 

k~ ,Z e RT = c -  
%et h QAQBQS 

\ # The quan t i t i e s  Q 
surface it can have no t r a n s l a t i o n a l  and probably no r o t a t i o n a l  energy; 

hence, t he  only cont r ibu t ion  t o  the  p a r t i t i o n  func t ion  

and is of the order of un i ty .  

involves S, it w i l l  be f ixed  t o  t h e  sur face  and sub jec t  t o  the  same l i m i -  

t a t i o n s  a s  S. 
w i l l  be e s s e n t i a l l y  uni ty .  

and Qs cannot be evaluated,  but  s ince  S is p a r t  of t h e  

is v i b r a t i o n a l ,  9s 
Simi lar ly ,  s ince  t h e  ac t iva t ed  complex 

a r e  of t he  order of un i ty ,  then  Q /Qs # # 
Since Q and Q S 

Theref ore ,  f o r  t h e  heterogeneoue r eac t ion ,  
n - - %et M' 1 - . -  e-R'F 

QAQB s h  = c  khe t 

The r e l a t i v e  r a t e s  of r eac t ion  a r e  given by t h e  r e l a t ioneb ip  

A E/RT 
C - e 

Since the  t r ans l a t ion  p a r t i t i o n  func t ion  f o r  u n i t  volume f o r  most 

molecules l i e s  between and lo3', lo2' may be.assumed a s  an  average 

value; and s ince f o r  1 cm2 of sur face ,  c 8 can be taken a s  1015 atoma/cm 

then 
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On this basis, in order for a catalytic reaction to proceed (at 440 F) 
at a rate greater than that in the homogeneous case, either the catalytic 
surface muat be increased, or the difference in activation energies must 
be greater than 28 kcal/mole. 
exposed to the gases is made as large as possible, and there is also a 
marked decrease in the activation energy. 

from 20 to 40 kcal/mole. 

In actual catalytic process, the surface 

Tyiical values for A E  range 

The foregoing has assumed that attaining the activated complex configura- 
tion guarantees reaction. 

instances, a transmission coefficient X ,  which is numerically equal to 
unity or less, is added as a simple multiplier in Eq. 4 and 9 ,  and carried 
through the mathematical development. In this instance, Eq., 12 becomes 

This may not, necessarily, be so, and in such 

%et %et 

khomo - = 

It is noted that the transmission coefficients for the relative reactions 

may not be equal. 

In considering the transmission coefficient, it is necessary to introduce 
the concept of the adiabatic course of reaction. For the electronic 

motion of an atomic system, for instance, in a system corresponding to 

such an elementary reaction as D + %, the quantities that determine the 
relative position of the atomic nuclei act as parameters. 
approach each other, these parameters change, and since the heavy nuclei 
move much more slowly than the light electrons, it may be assumed that 

the electrons adapt themselves to new nuclear configurations and pres- 
sure almost exactly the character of motion they would have if the nuclei 

As the atoms 
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remained in a given position for an infinitely long period of time. 

adiabatic course of a reaction is based upon this assumption. 

assumption is valid, the representative point of the system moves on a 
potential surface corresponding to a given quantum state of the system. 
If the point reaches the top of the potential barrier, reaction neces- 
sarily occurs. Thus, for adiabatic processes, x = 1.0. 
ical treatment, however, shows that the assumption of adiabaticity of 
the elementary reaction may not be true. 
approximately 10 percent of reactions are nonadiabatic. The mathematics 
of the treatment, as developed by L. D. Landau (Ref. A-8) are not within 
the scope of this report, but the results illustrate that the process 
may be nonadiabatic if the total electron spin changes or if some other 
forbidden transition occurs. The theory of nonadiabatic processes shows 
that reaching the top of the energy barrier does not guarantee reaction, 
but that in most cases, the system returns to its original unreacted 
state. 
nonadiabatic processes are of the order of 

if the influence of a catalyst affects a reaction to the extent of 

changing the mechanism and shifts the reaction act from a nonadiabatic 

to an adiabatic process, Eq. 13 could be rewritten as 

The 

If the 

Quantum mechan- 

In fact, it is known that 

As a result, typical values for the transmission coefficient in 
This indicates that 

- -  %et - 10-7 ebbT 
%om0 

On this basis, all other effects being equal, an adiabatic catalytic 
reaction occurring at 440 F (500 I() would proceed faster than the 
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nonadiabatic homogeneous reaction if the difference in activation energies 

exceeded 16 kcal/mole. 

required for adiabatic processes, and could explain why catalytic reac- 

tions may occur at a much greater rate than would have been predicted 
on the basis of assumed activation energies. 

This compares to the similar A E  of 28 lccal/mole 

NAm OF TIIE CATALYST 

On the basis of the general thermal, electrical, magnetic, and chemical 
properties of solid substances, soiids may be empirically clzssified as 

(Ref. A+).  

1 .  Metals 

2. Ionic crystals 

3. Valence crystals 

4. Semiconductors 

5 .  Molecular crystals 

There are, of course, transition regions between the various types, and 
actual solids often fall in these regions. 

Molecular Crystals 

Molecular crystals are unique in this classification in that they are 

' not considered to be catalytic in their action. These molecular crystals 

are known to have only residual van der Waal's forces and can exert only 
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very weak forces of a t t r a c t i o n .  The p o s s i b i l i t y  e x i s t s  t h a t  i r r a d i a t i o n  

i n  the  u l t r av io l e t  region may produce metastable exc i ted  s t a t e s  s u f f i c i -  

e n t  t o  a c t  a s  centers  of c a t a l y t i c  a c t i v i t y .  For t h i s  reason, l imi ted  

s tudy  continues on the use of molecular c r y s t a l s  a s  ca t a lys t s .  

Metals -- 

Metals a r e  characterized i n  terms of Paul ing ' s  formulation of t h e  reso,- 

nat,ing.vaLence-bond t reatment ,  i n  which the  emphasis i n  terms of c a t a l y t i c  

a c t i v i t y  is placed on the  exis tence of o r b i t a l  funct ions f o r  me ta l l i c  

bond formation. 

iza t ion  of the ava i lab le  nine s, p, and d-type o r b i t a l s  leads t o  th ree  

groups of orb i ta l s :  t he  "atomic" o r b i t a l s ,  p r inc ipa l ly  of d charac te r ,  

the "bonding" o r b i t a l s  of t he  "d 2*56 SP 2*22tt type which l a r g e l y  de te r -  

mine cohesion (valence o r b i t a l s ) ,  and the  t fmetal l ic"  o r b i t a l s ,  p r inc i -  

p a l l y  of t h e  sp type. This model, which has j u s t i f i c a t i o n  i n  app l i ca t ion  

(Ref. A-10, A-11) suggests t h a t  un f i l l ed  atomic o r b i t a l s  provide res idua l  

valency i n  t,he bulk metal which r e s u l t s  i n  the  c a t a l y t i c  a c t i v i t y .  The 

work of Schwab(Ref .A-10) has sbown t h a t  a s  the 'Id character" ( f r ac t ion  

of d -o rb i t a l s  in s h e l l )  of a metal increases ,  the heat  of chemisorption, 

and hence the c a t a l f l i c  a c t i v i t y ,  decreases.  On t h i s  b a s i s ,  it may be 

possible t . o  predict, c a t a l y t i c  a c t i v i t y  from a knowledge of t h e  s t r u c t u r e  

of a metal a tom.  It had e a r l i e r  been postulated(Ref.A-12) t h a t  l a t t i c e  

spacing cont,rols c a t a l y t i c  a c t i v i t y .  The observed e f f e c t  of d-orb i ta l s  

i n  cont.roiling c a t a l y t i c  a c t i v i t y  would seem t o  be a cont rad ic t ion ,  

except. that, the  d character  of a metal is known t o  cont ro l  l a t t i c e  

spacing. 

For the t r a n s i t i o n  elements (Sc, T i ,  V, e t c . ) ,  hybrid- 

I f  d characber controls  the r a t e  of a c a t a l y t i c  reac t ion ,  it would be 

expett.ed t h a t  the  order of a c t i v i t i e s  would be 

Rh > Pd > Pt > W > N i  > Fe 
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This expectat ion is  general ly  borne out i n  f a c t ,  wi th  the  notable  excep- 

t i ons  being tungsten and palladium. I n  genera l ,  tungsten is of higher 

a c t i v i t y  than predicted,  and palladium lower. No s a t i s f a c t o r y  explana- 

t i o n  i s  given f o r  t h i s  apparently diverse  observation. 

- 
ionic Crystals  

Ionic  c r y s t a l s  a r e  character ized by  good i o n i c  conduct ivi ty  a t  high t e m -  

peratures ,  and by good cleavage. They a r e  a l s o  d is t inguished  by being 

made up of a combination of h ighly  e l ec t ropos i t i ve  and h ighly  e lec t ro-  

negative elements. The surface of a n  ion ic  c r y s t a l ,  wi th  i t s  checker- 

board of e l ec t ron  acceptors  (ca t ions)  and cen te r s  of high e l e c t r o n  

dens i ty ,  may serve t o  br ing  about the  inc ip i en t  i on iza t ion  of the  a c t i -  

vated complex on the  surface.  

From a quantum mechanics point of view, neglec t ing  coulombic in t e rac t ions ,  

it could be concluded t h a t  the most important cen ters  of c a t a l y t i c  

a c t i v i t y  would be the  cations of t h e  s o l i d s ,  s ince  t h e  atoms with t h e i r  

f u l l  e l ec t ron ic  complement would not normally be expected t o  e n t e r  i n t o  

chemical combination. Quantum mechanical exchange fo rces  would then be 

associated almost e n t i r e l y  with the ca t ions ,  which may u t i l i z e  ava i l ab le  

p, d ,  o r  f o r b i t a l s  of proper energy. This is genera l ly  t r u e  of most of 

the  heavier metals and p a r t i c u l a r l y  of t he  t r a n s i t i o n  elements with 

respect t o  the  d-orb i ta l s .  

Valence Crystals  

Valence c r y s t a l s  a r e  dis t inguished by l a rge  cohesive energ ies ,  g rea t  

hardness, and lack  of conductivity.  Typical of these  substances a r e  

diamonds, boron, s i l i c o n ,  germanium, s i l i c o n  carbide,  and boron n i t r i d e .  
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Essen t i a l ly ,  each of these  substances represents  very  la rge  inorganic 

polymers i n  which each atom e x h i b i t s  i ts maximum valence,  forming with 

adjacent  atoms pr imar i ly  covalent bonds. These so-called l ' insulators"  

a r e  known t o  exh ib i t  l a w  c a t a l y t i c  a c t i v i t y ,  probably because of the 

unava i l ab i l i t y  of surface e l ec t rons  f o r  f a c i l i t a t i n g  t h e  formetion of 

r eac t ion  complexes. 

Semiconductors 

Semiconductors a r e  character ized a s  substances having an e l e c t r i c a l  con- 

d u c t i v i t y  intermediate between metals and i n s u l a t i n g  mater ia l s .  I n  some 

instances,  t h i s  behavior is exhib i ted  by  t h e  substance i n  the  pure s t a t e ,  

where i n  others it may be induced by the presence of minute amounts of 

. some impurity o r  impur i t ies .  From a band theo ry  approach, conduct ivi ty  

i n  an impurity-type semiconductor may r e s u l t  from f r e e i n g  an e l ec t ron  

from a d i s c r e t e  level t o  an empty band, i n  which case conduction i s  by 

the e lec t ron  i t s e l f ,  o r  from promotion of an e l e c t r o n  from a f i l l e d  band 

t o  a d i sc re t e  leve l .  I n  the  l a t t e r  case ,  conduction is by t h e  "holes" 

l e f t  i n  the previously f i i l e d  band. I n  a substance i n  the  pure s t a t e ,  

if a f i l l e d  band and an empty band a r e  s u f f i c i e n t l y  c lose  toge ther ,  

there  may be some threshold temperature l e v e l  above which it m y  be pos- 

s i b l e  t o  promote e l ec t rons  from one band t o  t h e  other .  

conduction is by the  e l e c t r o n  i t s e l f .  

I n  t h i a  case,  

Pure metal semiconductors a r e  no t ,  i n  general ,  found t o  have c a t a l y t i c  

a c t i v i t y  a s  high as t h a t  of impurity semiconductors. Extensive s tudy  . 
has been made of the  c a t a l y t i c  a c t i v i t y  of semiconductors (Ref. A-11, A-13, 
A-14, A-15) and it is genera l ly  bel ieved t h a t  t h e  a c t i v i t y  of semicon- 

duct ing mater ia ls  is assoc ia ted  with t h e  e l e c t r o n  levels and l a t t i c e  

de fec t s  a r i s i n g  from t h e  impurity centers .  
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The reaction of oxygen with hydrogen is thought to be initiated by the 

reaction - H + H02 % + O2 

and requires approximately 55 kcal/mole for initiation. The velocity 
for this reaction is such that, if the oxidation of  hydrogen occurred 

solely by this mechanism, the ---I rcz:oa.kiOE + b e  night be S e T e r a l  dEiJT4. In 
reality, the reaction time is o f  the order o f  milliseconds; consequently 
the slow chain initiation reaction is considered to serve only as a 
trigger mechanism. 
steps : 

The reaction then proceeds by means of the following 

H + 0 2  - O H + O  

O H + %  I % 0 + H  

O + %  - O H + H  

The complete reaction scheme is then 

(15) H + H02-55 kcal. (chain initiation) H2 + O 2  

(16) 1 H + 0 2  - O H + O  

(17) 
(propogation of the 
branched chain) 
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1 OH + wall - 
H+wall - 
O+wall - 

(chain termination) 

From a catalytic standpoint, reaction 15 is considered to occur on the 
surface of the catalyst, the energy being supplied by the exothermic 
heat of chemical adsorption. 
into bulk stream, where reactions 16 through 21 occur. It is intuitive 
that if reactions 19 through 21 proceed at a rate greater than that for 
reactions 16 through 18, the over-all reaction to produce water as a 
product results in quenching. 
gross wall effect. 
ing the amount of wall surface, or, in some instances, by increasing 
the catalytic surface, thereby increasing the rate of production of 
free radicals. From a very general standpoint, determined empirically, 
wall affects do not play a pronounced part in the reaction if the ratio 
of reactor-diameter/catalyst-pellet-diameter exceeds a value of 
approximately eight. 
effects of propellant channeling through the catalyst bed voids without 

contacting the catalyst. 

The reaction products desorb and diffuse 

Such quenching may be referred to as a 
The wall effect can be largely diminished by reduc- 

Such a configuration also serves to minimize the 
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G a x 
E 
9 4  

ACTIVATED 
COMPLEX 

IN IT1 AL 
STATE 

FINAL 
STATE 

REACTION COORDINATE 

Figare A-l.Pofentia1 Energy Diagram Illuatreting Relative 
Location o f  Activated Complex in Conpariaon 
t o  Initial and Final State8 of Reactante 
and PrOdWte. 
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APPENDIX B 

SUMMARY TRANSLATIONS FROM RUSSIAN LITEEUTURE 

Boreskov, G. K., M. G. Slin'ko, A. G. Filippova, and R. N. Guryanova: 
Catalytic Activity of Metals of the Fourth Period in the Interaction of 

Hydrogen With Oxygen, Doklady Akademii Nauk SSSR 94, No. 4, 713-715, 
1954 

Boreskov and coworkers studied the catalytic activity of metals o f  the 

Fourth Period (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), with respect to the 
interaction of hydrogen with oxygen. 
supported discrete particles of pure metals, and were reduced in hydrogen 
at nominally 300 to 500 C prior to use. 
conducted at environmental temperatures from 135 to 302 C. 
of these tests are presented in Table E-1. 

The catalyst samples were un- 

Analytical determinations were 
The results 

From the standpoint of activity, the results demonstrate dramatically 
that the metals that show potential for  promoting the 02/% reaction 
are nickel and cobalt. 

The program of evaluation was in all cases carried out with relatively 
low 02/% mixture ratios, all less than 0.325 by weight. 

Boreskov, G. K., M. G. Slin'ko, and A. G. Filippova: 
of Nickel, Palladium, and Platinum in the Reaction of the Oxidation of 
Hydrogen, Doklady Akademii Nauk SSSR 92, No. 2 ,  353-355, 1953. 

Catalytic Activity 
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In this paper, the authors reported on analyses of the ability of the 
indicated metals to promote the Oz/H2 reaction at low mixture ratios 
(near 0.33 and lower). 
the form of a fine wire, nickel as an 0.5-millimeter-diameter wire, and 
palladium and platinum as 0.l-millimeter-diameter wires. 

Each of the catalytic metals were prepared in 

The results 
are summarized in Table G 2 .  

The specific rate constant (k) indicded in the table is as used in the 
equation 

W = k P  S 
O 2  

where 

W = rate of reaction, moles/hr 

k = specific rate constant, cm/hr 

= oxygen content, moles/cu cm 
po2 
S = actual surface of the catalyst, sq cm 
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- -  
0.44 

- -  
0.17 

- -  
- -  

TABLE E l  

SUMMARY RESULTS OF A C T M T Y  MEAsuRE"TS 

FOR METALS OF THE FOURTH PERIOD 

4,300 
lo ,000 

7,400 
- -  

5,300 
14,000 

Metal 

Nickel 

at MR< 0.15 
at MR > 0.15 

Palladium 
Platinum 

v 
Cr 
Mn 

Fe 
low o2 
high O2 

co 
low o2 
high O2 

Ni 
low o2 
high O2 

12.1 - - - -  
11,200 62.5 16.6 4.4 

74.0 19.7 5.5 11,000 

0.82 0.12 - - 16,000 

Specific Activity at 

3.0 
0.5 

- - 
- - 

- -  67 
- -  - -  

62.6 - - 
37.4 10.8 

180 C 
0.19 

0.25 

1.9 
0.15 

- -  

14.1 
4.2 

30.0 

2.4 

I 

0.065 

Activation 
Energy, 
cal/mole 

9,700 
9,500 
12,800 

TABLE B-2 

SUMMARY RESULTS OF ACTIVITY M F A m S  

FOR NICKEL, PALLADIUM, AND PLATINUM 

Activation Energy, I Metal cal/mo 1 e 
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Catalyst 
Metal 

Aluminum 

Silicon 

Palladium 

Platinum 

Rhodium 

Sodium 

Calcium 

Lead 

Nickel 

Magnesium 

TABLE 2 

SPECTROGRAPHIC ANALYSIS OF CATALYSTS 

mss 

48 

4.0 

!I. 001 

0.26 - 
0.58 
0.23 

0.027 

ni 1 

ni 1 

ni 1 

Comw 
WsA 

52 

‘0.096 

ni 1 

0. I2 

0.14 

trace 

- 

0.001 

0.13 
ni 1 

ni 1 

iition. 7 

DS 

47 

4.0 

0.23 

ni 1 

ni 1 

0.92 

0.023 

ni 1 

ni 1 

ni 1 

Nipht Der1 
DSS 

48 

3.6 
A 07 
U . L . I  

ni 1 

ni 1 

0.61 

0.021 

- 

ni 1 

ni 1 

ni 1 

mt * 
A onncn 

LLL-LUVbJLL 

52 

0.035 
- 2  1 L1J. I 

0.14 - 
ni 1 

trace 

0.003 

ni 1 

ni 1 

ni 1 

“rhe difference between the sum total percentages shown and 
100, represent the amount of oxygen and trace impurities 
contained within the catalyst. 
form of metal oxides (e.g., A1 0 

The underlined numbers represent items which contribute 
significantly to the performance of the catalyst. 

This oxygen exists in the 
SiOe rather than A1 or Si). 2 3’ 
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TABLE 3 

CATALYST SUEFACE CHARACTERISTICS 

~~ 

Catalyst 
Engelhard Industries, Inc. 

DS 
DSS 
mss 
mss* 
MFSA 
msA= 

Houdry Process Corporation 
A-100s 
A-220SR 
Pd-K 

Girdler Chemical Company 

(3-55 
E 5 8  
6-68 
G-68.W 

Universal Oil Products 
C-N 

Catalytic Combustion Company 
A44 

Davison Chemical Company 

SMR 55-1097-1 
SMR 55-1097-4 

Shell Development Company 
8240-168 

T n e  

Pd 
Pd 
Pt-Rh 
Pt-Rh 
Pt-Rh-Pb 
Pt-&-Pd 

Pt 
Pt 
Pd 

Promoted Pd 
Pd 
Promoted Pd 
Promoted Pd 

Ni 

Pt 

Pt 
Pt 

Noble Metal 
*Used 
*Calcined 

100 
1 

Surf ac 

lurf ace 
Area, 
m 2 / P  

230 
224 
251 
191 
460 
243 

120 
238 
141 

288 
10 

290 
216 

189 

18 

566 
5 42 

216 

Characl 

Pore 
Tolume , 
ml/@sn 

0.24 

0.28 
0.21 
0.58 

0.30 

0.25 

0.13 

0.18 
0.32 

0.38 
0.01 
0.36 
0.30 

0.14 

0.007 

0.25 
0.22 

0.30 

istic 
Average 
Pore 
kqter, 

A 

42 
54 
44 
44 
50 
42 

43 
53 
51 

52 
4 

49 
56 

29 

2 

17.7 
16.2 

56 
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CATALYST CRUSH S T R E "  

Catalyst 

DS 
Fresh 
Used 

Fresh 
Used 

Fresh 
Calcined 
Sauna* 

Fresh 
Calcined 

DSS 

MFSS 

MFSA 

Girdler Chemical Company 

G-4m 
6-46 
G-55 
Fresh 
Calcined 

6-58 
6-68 

Catalysts and Chemicals, Inc. 
c-54 

Universal Oil Products 

C-IV 

CrUS 

Spheres 

21 
24 

26 
12 

27 
23 
17 

12 
10 

52 

> 200 
> 200 

> 200 
73 

> 200 
> 200 

20 

lounds 
.ders 
Horizontal 

43 
43 

17 
20 
112 
20 

8 

qatalyst previously subjected to thermal shock treatment, as 
described earlier. 
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TABLE 5 
(Continued) 

Catalyst 

Crush Strength, pounds 
Cylinders 

Vertical I Horizontal 
I -  

Houdry Process Corporation 
A-100s 8 11 

Fresh 12 12 
Calcined 11 13 

B-100s 6 11 
Pd-K 20 

8240-168 34 19 

SMFt 55-1097-1 10 

SMR 55-1097-3 > 200 11 
SMR 55-1097-4 9 

A-200SR 

Shell Development Company 

Davison Chemical Company 

SMR 55-1097-2 88 14 

I 106 
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1/8-inch cy1 inders 
3/16-inch cylinders 
1/8-inch cylinders 
0.15-inch spheres 

3/16-inch spheres 

1/8-inch tablets 

TABLF: 6 

None 
None 
None 
None 

None 

None 

THERMAL SHOCK RESISTANCW 

I Catalyst I Form Effect 

Engelhard Industries, Inc. 

DS 
DSS 
MFSS 
MFSS 
MFSS 
MFSS 
MFSA 

Girdler Chemical Company 

G-49 
6-46 
(3-55 
G-58 
6-68 

Houdry Process Corporation 
A-100s 
A-2 OOSR 
B-100s 
Pd-K 

Catalysts and Chemicals, Inc. 
c-54 

Universal Oil Products 
C-IV 

1/8-inch spheres 
1/8-inch spheres 
1/8-inch spheres 
1/8-inch cylinders 
l/rt-inch spheres 
1/4-inch cylinders 
1/8-inch spheres 

1/4-inch tablets 
3/16-inch tablets 
l/&inch tablets 
3/16-inch tablets 
l/&inch tablets 

None 
None 
None 
None 
-4bout helf &&tored 
A few pellets chipped 
None 

None 
None 
Turned nearly white 
None 
Turned black 

*Catalyst samples innnersed in liquid nitrogen, allowed to reach thermal 
equilibrium, placed in a muffle furnace a t 4 8 2 5  F for 10 minutes, 
then returned to liquid nitrogen bath.. 
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TABLE 8 

Surface Area Pore Volume, 

ml/g 
Thermal Shock Thermal Shock 

Catalyst Untreated Treated Untreated Treated 

HFSA 460 172 0.58 0.22 

MFSS 255 264 0.28 0.49 

DSS 224 241 0.30 0.40 

A-PUUSR 238 142 0.32 0.22 

b 

EFFECT OF THE TIIERMAL SHOCK TREATMENT 
ON SURFACE CIIAIlACTEnISTICS 

50 

44 

54 

51 

59 

50 

Average Pore Diameter, 

A 
0 

Thermal Shock 
Untreated I Treated 

b 

z 
0 . 

z 
n 
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Figure 3. I l l u s t r a t i o n  o f  4-on-1 Injector  Showing Relative 
Pos i t ions  o f  Fuel and Oxidizer I n j e c t i o n  Ports  
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